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REDWOOD CREEK, HUMBOLDT COUNTY
Dear Board Members:

I represent Barnum Timber Company, hereafter “Barnum,” a landowner in the Redwood
- Creek watershed in Humboldt County, California. 1 have previously provided information
to the State Water Board regarding conditions in Redwood Creek in response to the
public solicitation for comments and information on proposed revisions of the federal
Clean Water Act section 303(d) list of water quality limited segments.

My comments were apparently disregarded by your staff, as the recommendation is being
made to list Redwood Creek as temperature and sediment impaired under CWA 303(d).
A reproduction of my comment letter dated January 17, 2006 in the staff reports leading
up to your October 25, 2006 meeting left out three pages of my cover letter and all of the
attachments. I have checked my original email submission and the entire letter and
attachments were submitted to your staff prior to the close of the public comment period.
Perhaps your staff lost portions of my comment letter and thus did not respond to my
substantive comments. In any case, I request that you remove Redwood Creek from the
303(d) list or delay your decision until your staff can fully evaluate the true conditions of
that water body and respond to Barnum’s comments in an.adequate manner.

In response to the information provided about Redwood Creek in your staff report, I offer
the following comments:

1. The fact sheet for sedimentation states that a sediment TMDL has been developed
for Redwood Creek. In the EPA’s guidance for TMDLs, development of a TMDL
is justification for removal from the 303(d) list. Therefore, you should remove
Redwood Creek from the 303(d) list for sediment.
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2. Your staff erred significantly in its logic discussed in the fact sheet when it stated

AR

that “the weight of evidence indicates there is sufficient justification in favor of
placing this water segment-pollutant combination” on the 303(d) list. The import
of all previous submissions made by Barnum Timber Company regarding
Redwood Creek have been to notify your staff that the original State Water Board

-.and EPA listings of Redwood Creek for sediment were based upon faulty data.

The primary premise relied upon by the State Water Board for listing Redwood
Creek for both sediment and temperature was that fish populations in Redwood
Creek were diminished over some level in the past. Barnum Timber Company’s
submissions have all been aimed to inform your staff of this mistake, and to
supply information that demonstrates 1) that Redwood Creek’s fish populations
are as healthy or healthier than any time in the documented past; 2) that the fish
population data that the SWB staff has heretofore referred to is useless because it
is anecdotal and contains no actual population census data; 3) that the current
productivity of Redwood Creek for salmonids is as high or higher than any other
level documented for any stream in the Pacific Northwest; and, 4) that fish
populations and water quality conditions are naturally cyclical and current
conditions do not exhibit any abnormality,

The staff comment noted above regarding the “weight of evidence” analysis is
curious because no such analysis is described or documented in the staff reports.
Prior to adopting your staff recommendation, please require your staff to produce
the “weight of evidence” analysis and provide it to the public for adequate review.
How the public to provide comments on a staff analysis that is not available? Is
there a written “weight of evidence” analysis? Or, was the data for Redwood
Creek simply weighed in staff’s mind and only the conclusion presented? In'any
case, please provide evidence of exactly what evidence was weighed by staff so
the public can determine the relative weight of various lines of evidence.

A pollution control scheme is already in place to ensure that Redwood Creek is
not adversely affected by discharges that could significantly impact the sediment
or temperature conditions of Redwood Creek. The pollution control scheme is
mandated by the California Forest Practices Act, which governs the primary land
use in Redwood Creek, forestry operations. EPA’s guidance for delisting
waterbodies from the 303(d) list allows for delisting if other regulatory controls
that address the impairment(s) are in place.

Reducing the many-thousands of pages of comment and data provided by Barnum
Timber Company on the sediment and temperature listing of Redwood Creek to a
few incomplete sentences and even fewer words as a response by your staff is
irresponsible. Barnum has been long requesting of the State Water Board to
provide an objective review of the conditions of Redwood Creek in regards to the
alleged temperature and sediment impairment: It is unfortunate that the current
review disregarded this request yet again. I request that you provide a review and
document that your staff has reviewed the available information.
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6. The temperature criteria established in previous temperature impairment listings
of Redwood Creek is unreasonably low, impossible to achieve and is premised
upon presence of fish species that don’t exist in Redwood Creek. Your staff has
concluded that coho salmon temperature criteria are necessary for Redwood
Creek without conducting an analysis to determine if the physical characteristics
of Redwood Creek are capable of producing viable populations of coho salmon.
For example, Redwood Creek, upstream of Prairie Creek, is a confined linear
stream. Also, a very steep stretch of stream channel exists just upstream of Bridge
Creek, which is a natural cascade barrier that prevents coho from accessing the
upper 2/3 of Redwood Creek: Because of this barrier, occasional sightings of coho
in upper Redwood Creek are likely strays and coho-based criteria are
inapplicable. In any event, your staff needs to conduct a rational analysis of the
physical conditions of Redwood Creek before it can determine temperature or
sediment impairment and what beneficial uses require protection. I have included
a report (Attachment 1) that may be valuable for your staff as they conduct an
analysis of the physical conditions of Redwood Creek.

7. 1am attaching yet more information (Attachments 2 & 3) that has become
available since the last public comment period that demonstrates Redwood Creek
is producing salmonids in record numbers. This data, collected in two reports by
the California Department of Fish and Game, demonstrates that the logic
employed by the State Water Board and EPA in listing Redwood Creek for
sediment and temperature if flawed.

Barnum has been concerned about the listing of Redwood Creek as an impaired water
body under Section 303(d) of the Clean Water Act since its original listing in 1993. Since
that time, Barnum has endeavored to gather and assimilate all available information
relating to conditions in Redwood Creek. Barnum submits this information to assist you
in making better informed decisions regarding Redwood Creek and other North Coast
water bodies, particularly in deciding whether, in fact, Redwood Creek should continue
to be listed as impaired. Please take the time to fully review the information provided.
This compilation of information is likely the most comprehensive ever assimilated
regarding conditions of a California water body and has been produced over a time
spanning nearly a decade at a cost of several hundred thousand dollars.

Barnum believes, based upon the scientific information available, that Redwood Creek is
not impaired by sediment, temperature or any other pollutant; that, in fact, Redwood
Creek is today in as good a condition as has existed in the historical past and is a healthy
and productive water body.

If there are any questions regarding the information provided, please contact me. My
address and telephone numbers are shown on the letterhead. My email address is
s_horner@cox.net.
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Thank you for the opportunity to assist you in making fully informed decisions.

Sincerely,

Stephen R. Horner
General Manager

Attachments:

1. Investigation of the Physical and Biological Conditions Affecting Fish
Passage Success at Culverts and Waterfalls. DOE/BP-36523-1

2. 2005 Annual Report Upper Redwood Creek Juvenile Salmonid (Smolt)
Downstream Migration Study, 2000-2005 Seasons Project 2a5

3. 2005 Annual Report Lower Redwood Creek Juvenile Salmonid (Smolt)
Downstream Migration Study, 2004-2005 Seasons Project 2a7
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ABSTRACT

Juvenile anadromous salmonid trapping was conducted for the second consecutive year in lower Redwood
Creek, Humboldt County, California during the spring/summer emigration period (April — August). The,
purpose of the study was to describe juvenile salmonid out-migration from the majority of the Redwood
Creek basin, and to estimate smolt population abundances for wild 0+ Chinook salmon, 1+ steelhead trout,
2+ steelhead trout, and 1+ coho salmon using mark/recapture methods. The long term goal is to monitor the
status and trends of out-migrating Juvemle salmonid smolts in Redwood Creek in relation to watershed
conditions and restoration activities in the basin; and to provide data needed for Viable Salmonid
Population (VSP) Analysis.

A rotary screw trap was deployed on April 18" 2005 and trapped 118 d out of a possible 130 d. Days
missed trapping were estimated to have negligible effects on trap captures and population estimates. The
trap captured 10,827 0+ Chinook salmon, 11 1+ Chinook salmon, 1,345 0+ steelhead trout, 2,033 1+
steelhead trout, 417 2+ steelhead trout, 53 0+ coho salmon, 39 1+ coho salmon, 9 cutthroat trout, and 2 0+ -
pink salmon to total 14,736 individuals. Trap catchesin YR 2005 were much lower (by 83%) than catches
in YR 2004, with percent reductions ranging from 43 to 93% for a given species at age. Weekly trapping -
efficiencies averaged 11.7% for 0+ Chinook salmon, 4.4% for 1+ steelhead trout, 4.3% for 2+ steelhead

. trout, and 5.2% for 1+ coho salmon. The total population estimate with 95% confidence intervals was
131,164 (117,259 — 145,069) for 0+ Chinook salmon, 32,901 (24,967 - 40,835) for 1+ steelhead trout,
8,754 (4,975 — 12,533) for 2+ steelhead trout, and 183 (56 — 309) for 1+ coho salmon. Populanon estimates
in YR 2005 were also much lower than estimates determined in YR 2004 with percent reductions ranging
from 55 to 76%. The largest reduction occurred with 0+ Chinook salmon, which I attribute to} 1) high
bedload mobilizing flows during egg incubation in spawning redds, 2) large decrease in adult spawners
upstream of the trap site, or 3) a combination of the two factors. Peak population emigration in YR 2005
occurred during June-July for 0+ Chinook salmon, and April-May for 1+ steelhead trout, 2+ steelhead
trout, and 1+ coho salmon. Weekly population emlgratlon for each species at age followed trends of actual
catches.

Twenty-seven pit tagged 0+ Chinook salmon fingerlings released at the upper trap site (RM 33) were
recaptured 29 miles downstream at the second trap (RM 4) in lower Redwood Creek. Travel time ranged
from 1.5 - 19.5 d and averaged 7.5 d, and travel rate ranged from 1.5 — 19.3 mi/d and averaged 8.2 mi/d.
On average, 0+ Chinook salmon migrated 29 miles downstream faster than 1+ and 2+ steelhead trout did in
YR 2004 and YR 2005. Fifty-two percent of the recaptured 0+ Chinook salmon fingerlings in YR 2005
showed positive growth in FL and Wt, 18% showed a decrease in Wt, 48% showed no change in FL, and
30% showed no change in Wt. Growth was positively related to travel time and travel time explained more
of the variation in growth than any other variable:tested. The percent change in FL ranged from 0.0 - 17.1
and averaged 3.6, and percent change in Wt ranged from - 7.7 ~ 46.0 and averaged 9.6. The final size of
recaptured pit tagged 0+ Chinook salmon was positively related to the initial size at tagging and release.

¥ This paper should be referenced as: Sparkman MD. 2006. Lower Redwood Creek juvenile salmonid (smolt)
downstream migration study, study year 2005. CDFG, 'AFRAMP, Annual Report 2005 2a7: 105 p.




INTRODUCTION

This report presents results of the second consecutive year of juvenile salmonid
downstream migration trapping in lower Redwood Creek, Orick, California during the
spring/summer emigration period. The study was conducted by the California
Department of Fish and Game’s Anadromous Fisheries Resource Assessment and
Monitoring Program (CDFG AFRAMP) in YRS 2004 and 2005. Funding for YR 2004
was provided by the department’s Steelhead Report Card Program and AFRAMP, and in
YR 2005 funding was provided by the Steelhead Report Card Program, AFRAMP, and
the Federal Restoration Grant Program. ‘ )

The initial impetus for this study was to determine how many wild salmon and steelhead
smolts were emigrating from the majority of the Redwood Creek basin before entering
the Redwood Creek estuary and Pacific Ocean. The ‘majority’ of the Redwood Creek
basin includes all anadromous waters upstream of the first major tributary (Prairie Creek,
river mile RM 3.7) to Redwood Creek. Areas downstream of Prairie Creek are generally
not used for spawning by adult salmonids; thus, the only smolt production the trap will
miss is from Prairie Creek. Prior to our trapping in lower Redwood Creek, Humboldt
State University (YR 2001) and the United States Fish and Wildlife Service (USFWS)

. (YR 2003) operated a rotary screw trap in lower Redwood Creek nearby the present
trapping site. Their efforts did not produce smolt population estimates but did collect
data on species presence/absence, temporal distribution of out-migration, and fork lengths
and weights of captured fish. In YR 2004, CDFG AFRAMP was able to successfully
determine juvenile Chinook salmon and steelhead trout emigrant smolt population
estimates from the majority of Redwood Creek for the first time in Redwood Creek’s
anadromous salmonid monitoring history. Additionally, AFRAMP and the Redwood
Creek Landowners Association (RCLA) have successfully determined smolt population
estimates for juvenile Chinook salmon and steelhead trout emigrating from upper
Redwood Creek for the past six consecutive years (Sparkman 2005). Prior to our studies
on juvenile salmonid downstream migration and smolt abundance in Redwood Creek,
scientific studies which quantified anadromous salmonids within the Redwood Creek
watershed were primarily limited to the estuary (juveniles) and Prairie Creek (adults and
juveniles).

Adult salmon and steelhead populations are difficult to monitor in Redwood Creek
because the adult fish migrate upstream during fall or late fall (dependent upon stream
flow and whether the mouth is open to the ocean), winter and early spring. Thus, when
the adults are present, the stream flow is often high and unpredictable, which limits the
 reliability and usefulness of any adult weir. Additionally, the streamflow during this time
period often carries large amounts of suspended sediments, which render visual
observations of adult fish and redds (eg spawning surveys) unreliable and unlikely for
long term monitoring. Scientific studies which focus on salmonids in tributaries to
Redwood Creek are less affected by these processes, however, the tributaries are less
likely to adequately represent or account for the majority of the salmonid populations in
Redwood Creek because the majority of adult salmon and steelhead spawn in the
mainstem. A possible exception is the Prairie Creek watershed which probably accounts




for a considerable amount of the coho salmon production in Redwood Creek. Tributaries
to Redwood Creek are often steep, with limited anadromy (RNP 1997, Brown 1988).
Additionally, some of the tributaries can dry up prior to late summer, whlch cause the
juvenile fish to migrate into the mainstem of Redwood Creek.

Determining and tracking smolt numbers over time is an aéceptable, useful, and
quantifiable measure of salmonid populations which many agencies (both state and
federal), universities, consultants, tribal entities, and timber companies perform each

. year. Juvenile salmonid out-migration can be used to assess: 1) the number of parents
that produced the cohort (Roper and Scarnecchia 1999, Ward 2000, Sharma and-Hilborn
2001, Ward et al. 2002, Bill Chesney pers. comm. 2005), 2) redd gravel conditions
(Cederholm et al. 1981, Holtby and Healey 1986, Hartman and Scrivener 1990), 3) in-
stream habitat quality and watershed health (Tripp and Poulan 1986, Hartman and
Scrivener 1990, Hicks et al. 1991, Bradford et al. 2000, Sharma and Hilborn 2001, Ward
et al. 2002), 4) restoration activities (Everest et al. 1987 in Hicks et al. 1991, Slaney et al.
1986, Tripp 1986, McCubbing and Ward 1997, Solazzi et al. 2000, Cleary 2001, Ward et
al 2002, McCubbing 2002, Ward et al. 2003), 5) over-winter survival (Scrivener and
Brown 1993 in McCubbing and Ward 1997, Quinn and Peterson 1996, Solazzi et al.
2000, McCubbing 2002, Ward et al. 2002, Giannico and Hinch 2003), and 6) future
recruitment to adult populations (Holtby and Healey 1986, Nickelson 1986, Ward and
Slaney 1988, Ward et al. 1989, Unwin 1997, Ward 2000). |

Site Description

Redwood Creek lies within the Northern Coast Range of California, and flows 67 miles
through Humboldt County before reaching the Pacific Ocean (Figure 1). Headwaters
originate at an elevation of about 5,000 ft and converge to form the main channel at about
3,200 feet. Redwood Creek flows north to northwest to the Pacific Ocean, and bisects the
town of Orick in Northern California. The basin of Redwood Creek is 179,151 acres, and
about 49.7 miles long and 6.2 miles wide (Cashman et. al 1995).

Geology

The Redwood Creek watershed is situated in a tectonically active and geolOgically
complex area, and is considered to have some of the highest upllft and seismic activity
rates in North America (CDFG NCWAP 2004)
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The geology of the Redwood Creek basin has been well-studied and mapped (Cashman
et. al 1995).

“Redwood Creek drainage basin is underlain by metamorphic and sedimentary rocks of
the Franciscan assemblage of Late Jurassic and Early Cretaceous age and by shallow
marine and alluvial sedimentary deposits of late Tertiary and Quaternary age. These units
are cut by a series of shallowly east-dipping to vertical north to northwest trending faults.
The composition and distribution of bedrock units and the distribution of major faults
have played a major part in the geomorphic development of the basin. Slope profiles,
slope gradients, and drainage patterns within the basin reflect the properties of the
underlying bedrock. The main channel of Redwood Creek generally follows the trace of
the Grogan fault, and other linear topographic features are developed along major faults.
The steep terrain and the lack of shear strength of bedrock units are major contributing
factors to the high erosion rates in the basin” (Cashman et al. 1995).

Climate and Annual Precipitation |

|
The climate of Redwood Creek basin varies dependent upon location within the
watershed and season. Coastal areas have a moderate climate due to proximity to the
ocean, and differ from inland areas (i.e. upper Redwood Creek) which experience higher
and lower temperatures. Summers are typically cool and moist on the coast, and hot and
dry inland. Snow fall is common durmg winter months in the upper basin and relatively
rare in the lower basin. ‘

The United States Geological Survey (USGS) operates a rain gage in lower Redwood -
Creek, about 850 m downstream of the current trapping site. Rainfall records.cover the
periods of 1987 — 2005 to total 19 years (Redwood National Park, in house data, 2005;
Vicki Ozaki pers. comm. 2005). Annual precipitation ranges from 77 cm (30 in.) to 204
cm (80 in.), and averages 137 cm (54 in.). Most (91%) of the rainfall in Redwood Creek
occurs from November through May, with peak monthly rainfall occurring in December
and January (Appendix 1). However, in some years relatively large amounts of rainfall
may occur in November, February, March (as in YR 2005), April, and May as well.
Rainfall in WY 2005 (118.8 cm or 46.8 in.) was nearly equal to rainfall in WY 2004, and
about 14% less than the 19 year average (Appendix 1).

The 19 year average monthly rainfall during the majority of the trapping season (April —
July) totaled 24.2 cm (9.5 in.) (Table 1). ; Total monthly rainfall during this period of
trapping in YR 2005 (39.9 cm or 15.7 in. ) was 1.7 times greater than rainfall for the 19
year average, and 3.9 times greater than rainfall during the trapping season in YR 2004
(Table 1). Rainfall in April, 2005 was 1.4 times greater than the 19 year average for
April; and rainfall in June 2005 was 2.1 times greater than the historic average for June
(Table 1). Rainfall in May, 2005 was 6.4 times greater than rainfall in May; 2004; and
rainfall in June, 2005 was 14 times greater than rainfall in June, 2004.




Table 1. Comparison of 19 year average monthly rainfall with average monthly
rainfall in YR 2004 and YR 2005 during the majority of the trapping period,
lower Redwood Creek, Orick, California (U SGS 2005).

Monthly Precipitation (cm)

Month Historic YR2004 - YR2005
April 2.6 71 176
May , 7.8 2.4 153
June .33 0.5 7.0
July 0.4 0.1 0.0
Total: 242 10.2 399
Average: 6.0 2.5 10.0

* Data courtesy of Redwood National Park, Vicki Ozaki pers. comm. 2005.

Stream Discharge

A USGS gauging station (#11482500) is located about 850 m downstream of the trap site
in lower Redwood Creek. The gauging station is downstream of the confluence of Prairie
Creek with Redwood Creek, thus the station is influenced by Prairie Creek stream flow.
Stream flow records for the Orick gage cover the periods of 1911 — 1913, 1953 — 2005,
and total 54 years (Thomas C Haltom pers. comm. 2005; USGS 2005). High stream
flows usually occur from November through May, and typically peak in January
(Appendix 2). However, the months of December, February, March, and April can
experience high flows as well. Using all years’ data, mean monthly discharge is 1,007
cfs, and ranges from 37 — 2,496 cfs (Thomas C Haltom pers. comm. 2005, USGS 2005). -
(Appendix 2). Preliminary data for water year 2005 show that the average monthly
discharge was 800 cfs, and ranged from 25 — 2,138 cfs. The highest average monthly
discharge in WY 2005 occurred in April. Average stream discharge in WY 2005 was
about 21% less than the 54 year historic average and 6% less than the average for WY
2004.

The 54 year average monthly flow during the majority of the trapping season (April —
July) equaled 550 cfs, and ranged from 86 — 1,223 cfs (Thomas C Haltom pers. comm.
2005, USGS 2005) (Table 2). Average monthly discharge from April — July, 2005 (1,087
cfs) was higher than the historic average by a factor of 1.98, and higher than the average
for YR 2004 by a factor of 4.25 (Table 2, data from USGS 2005). The probability of the
average flow during the trapping period being greater than 1,087 cfs (based upon the 54
years of record) equaled 5.6% (USGS 2005). "




Table 2. Comparison of 54 year average'monthly stream discharge with average
monthly discharge in WY 2004 and WY 2005 during the majority of the trapping
period in lower Redwood Creek, Orick, California (USGS 2005).

Monthly Stream Discharge (cfs)

Month Historic WY 2004 WY 2005

April 1,223 ' 602 2,138

May 636 271 1,400

June 254 109 - - 613

July 86 41 195

Average: 550 256 1,087
Overstory

The overstory of Redwood Creek is predominately second and third growth Redwood -
(Sequoia sempervirens) and Douglas Fir (Pseudotsuga menziesii), mixed with Big Leaf
Maple (Acer macrophyllum), California Bay Laurel (Umbellularia californica), Incense

" Cedar (Calocedrus decurrens), Cottonwood (Populus spp.), Manzanita (Arctostaphylos
spp.), Oak (Quercus spp.), Tan Oak (Lithocarpus densiflorus), Pacific Madrone (Arbutus
menziesii), and Red Alder (Alnus rubra). The lower portion of Redwood Creek (ie within
Redwood National Park boundaries) contains old growth Redwood, mixed w1th second
growth redwood and other tree species.

Understory

Common understory plants include: dogwjood (Cornus nuttallii), willow (Salix lucida),
California hazelnut (Corylus rostrata), lupine (Lupinus spp.), blackberry (Rubus spp.),
plantain (Plantago coronopus), poison oak (Toxicodendro diversilobum), wood rose
(Rosa gymnocarpa), false Solomon’s seal (Smilacina amplexicaulis), spreading dog bane
(Apocynum spp.), wedgeleaf ceanothus (Ceanothus spp.), bracken fern (Pteridium
aquilinum), blackcap raspberry (Rubus spp.), and elderberry (Sambucus spp.), among
other species.

Redwood Creek History (Brief)

Redwood Creek watershed has experienced extensive logging of Redwood and other
commercial tree species. By 1978, 81% of the original forest was logged, totaling 66%
of the basin area (Kelsey et al. 1995). Most, if not all, of the remaining old growth
Redwood is contained within Redwood National Park, which is about 200 m upstream of
the trap site. In conjunction with clear-cut logging, associated road building, geology




types and geomorphic processes (eg debris slides and earthflows), and flood events in
1955 and 1964, large amounts of sediments were delivered into the stream channel
(Madej and Ozaki 1996) with a resultant loss of stream habitat complexity (filling in of
pools and flattening out of the stream channel, Marlin Stover pers. comm. 2000).
Additional high flows occurred in 1972, 1975, and 1995 as well, and have helped
influence the current channel morphology of Redwood Creek. The downstream migrant
trap in lower Redwood Creek is located in an area of gravel aggredation.

Redwood Creek has been listed as sediment and temperature-impaired under section
303(d) of the Clean Water Act (CWA 2002; SWRCB 2003; USEPA 2003).

Federal ESA Species Status

* Chinook (King) salmon (Oncorhynchus tshawytscha), coho (Silver) salmon (O. kisutch),
steelhead trout (O. mykiss), and cutthroat trout (O. clarki clarki) are known to inhabit-
Redwood Creek. This study and the study in upper Redwood Creek also show that pink
salmon (O. gorbuscha) are present in Redwood Creek. Chinook salmon (KS) of
Redwood Creek belong to the California Coastal Chinook Salmon Evolutionarily
Significant Unit (ESU), and are listed as “threatened” under the Federal Endangered
Species Act (Federal Register 1999a). The definition of threatened as used by National -
Oceanic and Atmospheric Administration (NOAA) and the National Marine Fisheries
.Service (NMFS) is “likely to become endangered in the foreseeable future throughout all
or a significant portion of their range” (NOAA 1999). Coho salmon'(CO) belong to the
Southern Oregon/Northern California Coasts ESU and were classified as “threatened”
(Federal Register 1997) prior to the Chinook salmon listing. Steelhead trout (SH) fall
within the Northern California Steelhead ESU, and are also listed as a “threatened”
species (Federal Register 2000). Coastal cutthroat trout (CT) of Redwood Creek fall
within the Southern Oregon/California Coasts Coastal Cutthroat Trout ESU, and were
determined “not warranted” for ESA listing (Federal Register 1999b). Despite ESU

. listings of Redwood Creek anadromous salmonid populations, relatively little data exists
concerning abundance and population sizes, particularly for juvenile (and adult) life
history stages. Historically, the most prolific specws was most likely the fall/early
winter-run Chinook salmon.

Purpose

The purpose of this project is to describe juvenile salmonid downstream migration from
the majority of the Redwood Creek basin, and to determine emigrant population sizes for
wild 0+ (young-of-year) Chinook salmon (Ocean type), 1+ (between 1 and 2 years old)
steelhead, 2+ (2 years old and greater) steelhead, and 1+ coho salmon smolts. The
primary long term goal is to monitor the status and trends of out-migrating juvenile
'salmonid smolts in Redwood Creek in relation to watershed condition and restoration -
activities in the basin; and to provide data needed for Viable Salmonid Population




Viability (VSP) analysis. An additional gdal is to document the presence or absence of
1+ Chinook salmon (Stream type). Specific study objectives were as follows:

1) Determine the species composition and temporal pattern of downstream migrating
juvenile salmonids.

2) Enumerate species out-migration.

3) Determine population estimates for downstream migrating 0+ Chinook salmon,

1+ steethead trout, 2+ steelhead trout, and 1+ coho salmon. 4

4) Record fork length (mm) and weight (g) of captured fish.

5) Investigate 0+ Chinook salmon, 1+ steelhead trout, and 2+ steelhead trout travel
time and growth as they migrate from the upper trap to the lower trap (or estuary)
using passive integrated transponder tags (Pit Tags).

6) Collect and handle fish in a manner that minimizes mortality.

7) Statistically analyze data for significance and trends.

8) Compare data between study years! , _

9) Link data collected from the lower trap, upper trap, and estuary (Redwood
National Park) to provide a more complete study on the life history and
abundance of emigrating juvenile salmonids (smolts) in Redwood Creek.

METHODS AND MATERIALS
Trap Operations

A stock E.G. Solutions (5 foot diameter cone) rotary screw trap was set in lower
Redwood Creek (RM 4) on April 18, 2005 at the same location as in YR 2004. The
trap’s livebox was slightly modified by adding perforated plates (2 mm diameter) on the
sides and bottom of the livebox to dissipate livebox water velocities. The debris wheel at
the downstream end of the trap was made:non-operational to prevent the smaller fry from
being transported back into the river. The trap was located about 1/3 mile upstream of
the confluence of Prairie Creek with Redwood Creek, and positioned in a run habitat type
just downstream of a low gradient riffle. The trap was scheduled to be set on April 1¥

. (same time the trap was set in YR 2004), however, continuous high stream flows
precluded trap placement and deployment. The rotary screw trap was set on April 18", .
and operated continually (24 hrs/day, 7 days-a week) through August 26™ except for 12
days (May 9, 10, 17 - 22, and June 18 - 21) due to high flow events. Trapping methods
were nearly identical to those used for the upper trap (RM 33) (Sparkman 2005). During
periods of high flows and debris loading in the livebox, we moved the trap to the side of
the stream and raised the cone. The trap was re-set as soon as possible into the thalweg
of the stream, and every attempt was made to maintain the trap’s position in the thalweg.
On one particular high flow event (May 17"‘ -22™), the average daily stream discharge
rose from 1,670-cfs to 3,530 cfs. The trap’s cone was raised the previous day (May 16™)
after removing fish from the livebox. Between the evening of May 18™ and the morning
of May 19", a large tree (about 60 ft long) floated downstream and snagged one of the
steel cables which connected the trap to the anchor (fence posts for the left side of the




river). The trap, facing upstream, spun to the right and was diagonal to the current
. (Appendix 3). The water level was so high that the tops of the fence posts were nearly
underwater. We pulled the trap to the side of the stream using a winch, and then
disconnected the cable from the pontoon of the rotary screw trap. The cable then slid
around the tree, and the tree floated downstream. Although the fence posts were under
high pressure (from the trap and tree) and nearly underwater, they held and dldn t
excessively bend break, or dislodge.

During periods of lesser stream flows, weir panels were used with the rotary screw to: 1)
keep the trap’s cone revolutions relatively high, and 2) maintain good trap efficiencies by
directing fish into the cone area. The weir panels were set to fall down under any
unexpected, high stream flows. Weir panels were first installed on July 17th and
. positioned at an angle to each of the trap’s pontoons. Rock weirs were used with the weir
panels for the right side of the stream. Addltlonal weir panels were later added to
increase the overall length, and by August 12" the weir panels were 66 fi long on the
right bank side (includes rock weir), and 60 ft long on the left bank side (Appendix 4).
Prior to the end of the study, plastic drop cloths were fastened to the weir panels to force
more water into the cone area; this increased the cone revolutions greatly, and enabled
trapping to the end of the catch distribution and study period.

The trapping season in YR 2005 was extended (to August 26™) compared to YR 2004
because: 1) stream flow was adequate for operating the trap, and 2) juvenile salmonids
were emigrating beyond July 27", The end date for trapping is determined by examining
the catch distribution (when the right tail of the distribution nears zero), and in the case
for lower Redwood Creek, stream flow. Lower Redwood Creek at the trapping site can
become completely dry near the end of July or the beginning of August, thus prevénting -
any remaining smolts from entering the estuary until rains occur. However, in YR 2005,
'Redwood Creek had relatively good stream flow well beyond the middle of August.

To summan'ze; the YR 2005 trapping season, particularly March - May, can be -
characterized as working in and out of high flow events and handling large amounts of
debris in the livebox; and towards the end of the study, weir panels were extensively
used. :

Biometric Data Collection

Fishery technicians occasionally removed debris (e.g. alder cones, leaves, sticks, detritus,
large amounts of filamentous green algae, etc) from within the livebox at night to reduce
_trap mortalities the following morning. The trap’s livebox was emptied at 09:00 every
morning by 2 - 4 technicians. Young of year fish were removed first and processed
before 1+ and 2+ fish to decrease predation or injury to the smaller fish. Captured fish
(0+ fish first, then 1+ and older) were placed into 5 gal. buckets and carried to the
processing station. At the station, fish were placed into a 23.5 gal. ice chest modified to
safely hold juvenile fish. The ice chest was adapted to continually receive fresh water -
from the stream using a 3,700 gph submersible bilge pump. The bilge pump connected to
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a flexible line (ID 4 cm or 1.6 in.) that connected to a manifold with four ports. “Y” type
hose adapters were connected to each port. Garden hoses connected to the hose adapters,
- with one line feeding the ice chest, and four lines feeding recovery buckets for processed
fish. Additional garden hoses were connected to the hose adaptors to quickly fill buckets
if needed and to relieve any excess pressure. Plumbing inside the ice chest consisted of
two PVC pipes: one that served to dissipate the stream water into the ice chest, and the
other to drain excess water. The water lines to the recovery buckets were elevated above
the recovery buckets so that the fresh water would also provide increased aeration. The
system worked very well, did not require additional battery operated aerators, and
decreased total fish processing time. '

Random samples of each species at age (eg 0+ KS, 0+ SH, etc.) were netted from the ice
chest for examination, enumeration, and biometric data collection. Each individual fish
was counted by species at age, and observed for trap efficiency trial marks. Marked fish
from the upper trap were tallied separately from the marked fish used to determine trap
efficiencies for the lower trap. Every 1+ and 2+ steelhead trout captured were scanned
for pit tags and observed for elastomer marks. 0+ Chinook salmon with upper caudal fin
clips (secondary mark for the pit tag) were also scanned (interrogated) for pit tags.

Fork Lengths/Weights

Fish were anesthetized with MS-222 prior to data collection in 2 gal. dishpans. Biometric
data collection included 30 measurements' of fork length (mm) and wet weight (g) for
random samples of 0+ Chinook salmon (0+ KS), 1+ Chinook salmon (1+ KS), 1+ and
greater cutthroat trout (CT), 1+ steelhead trout (1+ SH); 2+ and greater steelhead trout
(2+ SH), 0+ coho salmon (0+ CO), and 1+ coho salmon (1+ CO). Only fork lengths were
taken from 0+ steelhead trout (0+ SH). A 350 mm measuring board (+ 1 mm) and an
Ohaus Scout 11 digital scale (+ 0.1 g) were used in the study. Fork lengths were taken
every day of trap operation, and fork length frequencies of 0+ and older steelhead trout
coho salmon, and Chinook salmon were used to determine age-length relationships at
various times throughout the trapping period. Scales were occasionally read to verify age
class cutoffs. 0+ Chinook salmon and 1+ steelhead trout weights were taken 2 - 4 times
per week. 0+ and 1+ coho salmon and 2+ steelhead trout weights were taken nearly
every day of trap operation and collection due to expected, low sample sizes. Individuals
were weighed in a tared plastic pan (containing water) on the electronic scale! The scale
was calibrated every day prior to data collection. After biometric data was collected, fish
were placed into 5 gal. recovery buckets which received continuously pumped fresh
stream water. Young of year fish were kept in separate recovery buckets from age 1+
and older fish to decrease predation or injury. When fully recovered from anesthesia, 0+
juvenile fish were transported 80 m downstream of the trap site and released in the
margin of the stream; and aged 1 and older fish were transported 125 m downstream of
the trap site and released near the middle of the stream.
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Developnﬁental Stages

We visually determined developmental stages (e.g. parr, pre-smolt, smolt) for every 1+
Chinook salmon, 1+ steelhead trout, 2+ steelhead trout, 1+ coho salmon, and 1+ (and
greater) cutthroat trout captured using the following criteria:

e Parr designated fish that had obvious parr marks present and no silvering of
scales.

e Pre-smolt designated individuals with less obvious parr marks, showed some
blackening of the caudal fin, and were in the process of becoming silver colored
smolts. Pre-smolt was considered in-between parr and smolt.

e Smolt designated fish that were v‘ervy silver in coloration (i.e. smoltification), had
little to no parr marks present, and had blackish colored caudal fins.

Discerning developmental stages is subjective; however, I attempted to minimize
observer bias by individually training (and checking) each crew member and having all
crew members follow the same protocol. The most difficult stages to separate were for
those fish which fell between smolt and pre-smolt.

~ Population Estimates

The number of fish captured by the trap represented only a portion of the total fish
moving downstream in that time period. Total salmonid out-migration estimates (by age
and species) were determined on a weekly basis for 0+ Chinook salmon, 1+ steelhead
trout, 2+ steelhead trout, and 1+ coho salmon using mark-recapture methodology
described by Carlson et al. (1998) The population estimate for 2+ steelhead trout in YR
2004 was re-calculated on a weekly basis to compare with the estimate in YR 2005. The
new point estimate fell within the 95% confidence interval for the original estimate, and
is considered more realistic and less biased (with few recaptures population models may
overestimate populatlon size).

The approx1mately unblased estimate equation for a 1-site study was used to- determme
total population size (Uy) in a given capture and trapping efficiency period (h). Variance
was computed, and the value was used to calculate 95% confidence intervals (CI)for -
each weekly population estimate. The weekly population estimate (Uy) does not include
catches of marked releases in the “C” component (or ‘uy’) of the equation, and any short
term handling mortality was subtracted (Carlson et al. 1998). Trap efficiency trials were
conducted one to six times a week for 0+ Chinook salmon, 1+ Chinook salmon, 1+
steelhead trout, 2+ steelhead trout, and 1+ coho salmon. Data was combined and run
through the equation to determine the weekly estimate (for a complete description of
estimation methods and model assumptions see Sparkman 2004a). The Carlson et al.
(1998) model and my methods were (favorably) peer reviewed in 2003 (Phil Law, CDFG
Biometrician, pers. comm. 2003). '
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Partial fin clips were used to identify trap efficiency trial fish by squaring the round edge
(or tip) of a given fin (caudal, pectoral) with scissors. Fish used in efficiency trials were
given partial fin clips while under anesthesia (MS-222), and recovered in 5 g buckets
which received fresh stream water (via the plumbing system).: Clip types for 0+ Chinook
salmon, 1+ steelhead trout and 2+ steelhead trout were different than those used at the
upper trap. Clips for 2+ steelhead trout were stratified by week such that marked fish of
one group (or week) would not be included in the following weekly calculation (however,
no out of strata captures occurred in YR 2004, nor in YR 2005). I did not stratify clips
for 0+ Chinook and 1+ steelhead trout because four years of data (when I did stratify
clips) at the upper trap showed that nearly all of the recaptures (99.4%) occurred in the
correct strata. The few fish that were recaptured out of strata had little to no effect on the
weekly and total population estimates (Phil Law, personal comm. 2003). 0+ Chinook
salmon, 1+ Chinook salmon, 1+ steelhead trout, and 1+ coho salmon were given lower
caudal partial fin clips, and 2+ steelhead trout were given right or left pectoral partial fin

~ clips. Once recovered from anesthesia, the fish were placed in mesh cages in the stream
for at least 1 - 2 hrs to test for short term delayed mortality (Carlson et al. 1998). Fin
‘clipped 0+ Chinook salmon were released in fry habitat 183 m upstream of the trap, and
clipped 1+ and 2+ steelhead trout, 1+ coho salmon and 1+ Chinook salmon were released
into a pool (with woody debris) 152 m upstream of the trap. Fin clipped fish were
released upstream of the trap after the livebox was emptied (eg 1300 — 1800), and in
some instances, the fish were manually released at night. Night releases were conducted
to possibly increase the catch of efficiency trial marked fish, however, trap efficiencies
for night releases did not significantly vary from day releases. ‘

Additional Experiments |

Re-migration

In YR 2004, we marked and released 223 2+ steelhead trout and 577 1+ steelhead trout at
the upper trap site with a plastic elastomer (Northwest Marine Technology, P.O. Box
427, Ben Nevis Loop Road, Shaw Island, Washington 98286 USA) to investigate travel
time between the upper trap (RM 33) and lower trap (RM 4) in Redwood Creek. These
marks also served to show if the marked fish residualized in the stream in YR 2004 to be
later caught as 2 or 3 year old fish mlgratmg downstream in YR 2005. Every 1+ and 2+
steelhead trout captured at the lower trap'in YR 2005 were examined for elastomer
marks. - Mark retention was assumed to be nearly 90% within 16 months (Fitzgerald et al.
2004). ~

Travel Time and Growth

We marked 37 2+ steelhead trout and 146 1+ steelhead trout at the upper trap site with
plastic elastomer in YR 2005 to investigate travel time from the upper trap to.the lower
trap (a distance of 29 miles). We applied the elastomer marks subdermally using a
hypodermic needle on the underside of both lower jaws while fish were under anesthesia
(MS-222). 0+ Chinook salmon were generally too small to safely mark. Marked fish
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were treated as batches, with a unique color combination for each week of release.
Partial fin clips (upper caudal) were applied to each elastomer marked fish in order to
discern elastomer mark releases in YR 2004 from YR 2005. Although some of the YR
2004 elastomer marked juveniles also had partial upper caudal fin clips, the fins should
have regenerated by YR 2005. Each batch of marked fish was held in the stream for 24
hours (at the upper trap site) to test for any delayed mortality prior to release, and
released into the stream at the upper trap’s downstream release site.

Plastic elastomer has limitations because individual fish cannot be uniquely identified
when marks are used for batches of fish, and the mark is rather difficult to apply for fish
under 80 mm (FL). Pit tags offer the ability of individual recognition by using numbers
unique to each tag (and marked fish). In YR 2005 we used Pit Tags to investigate both
travel time and growth of tagged fish as they migrated downstream from the uppér trap
and captured at the lower trap or estuary (David Anderson, pers. comm. 2005). We
found pit tagging to be easier and faster than applying elastomer. A more thorough
examination of the pit tag data and subsequent results is forthcoming (Sparkman, In

progress).

Pit tags used in the study were 11.5 mm long x 2 mm wide, and weighed 0.09 g
(ALLFLEX USA, Inc., PO BOX 612266, Dallas/Ft Worth Airport, Texas). Pit tags were
applied to randomly selected 1+ steelhead trout (n = 147 ), 2+ steelhead trout (n = 46)
and 0+ Chinook salmon smolts (FL > 70 mm, n = 555) using techniques shown by Seth
_Ricker (CDFG, pers. comm. 2005). The number of pit tag groups released downstream
was 21 for 0+ Chinook salmon, 13 for 1+ steelhead trout, and 17 for 2+ steelhead trout.
Fish were anesthetized with MS-222, and measured for FL (mm) and Wt (g) prior to
tagging. A scalpel (sterilized with a 10:1 solution of water to Argentyne; Argent
Chemical Laboratories, 8702 152™ Ave. N.E., Redmond, WA, 98052) was used to make
a small incision (2 - 3 mm long) into the body cavity just posterior (about 3 - S mm) to a
pectoral fin. The incision was dorsal to the ventral most region of the fish to help prevent
the tag from exiting the incision. Tags were also sterilized with Argentyne, and then
inserted by hand into the body cavity via the incision. Glue was not used to close the
incision after tag placement because previous experience with tagging showed it was
unnecessary (Seth Ricker, pers. comm. 2005). Pit tagged 0+ Chinook salmon were also
given a small partial upper caudal fin clip to aid in recognizing a tagged fish so that
technicians at the lower trap and estuary did not have scan every 0+ Chinook salmon they
captured. Some of the 1+ and 2+ steelhead trout also had partial fin clips because we
tagged recaptures from trap efficiency trials to increase sample size. After tag
application, fish were held in a livecar in the stream for a period of 34 hrs to test for
delayed mortality. 0+ Chinook salmon were kept separately from 1+ and 2+ steethead
trout. All pit tagged fish were manually released at night downstream of the upper trap
site. Field crews at the upper trap, lower trap, and estuary had hand held pit tag readers
(ALLFLEX USA, Inc., PO BOX 612266, Dallas/Ft Worth Airport, Texas) so that they
could scan and identify pit tagged fish; and perform necessary fork length and weight
measurements. ' o :
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Physical Data Collection

A staff gage with increments in hundredths of a foot was used to measure the relative
stream surface elevation (hydrograph) at the trap site from April 19% - August 26™, 2005.
The gage was read every morning at 0900 to the nearest one-hundredth of a foot prior to

“biometric data collection. A graphical representatlon of the data, along with average
daily stream discharge data from the O’Kane gaging station (USGS 2005), is given in
Appendix S. _

Stream temperatures were recorded with an Optic StowAway® Temp data logger (Onset.
Computer Corporation, 470 MacArthur Blvd. Bourne, MA 02532) placed behind the
rotary screw trap. A second probe was deployed at the same location for comparison.
Both probes gave similar results (Ave. = 14.7 °C), therefore only data from one probe is -
reported. The probes were placed into a PVC cylinder with holes to ensure adequate
ventilation and to prevent influences from direct sunlight. Probes were set to record
stream temperatures (°C) every 60 minutes and recorded about 3,700 measurements per
probe over the course of the study. The shallowest stream depth during which
measurements were taken (in August) was about three feet. The maximum weekly
average temperature (MWAT) and maximum weekly maximum temperature (MWMT)
for YRS 2001 - 2005 were determined following methods described by Made;j et al.
(2005). MWAT is defined as the maximum value of a 7-day moving average of daily
average stream temperatures, and MWMT is the maximum value of a 7-day moving
average of daily maximum stream temperatures (Madej et al. 2005).

Statistical Analyses

Numbers Cruncher Statistical System software (NCSS 97) (Hintze 1998) was!used for
~ linear correlation, regression/ANOVA output, single factor ANOVA, chl-square and
descriptive statistics.

Linear regression was used to estimate the catch for each species at age for days when the
trap was not operating by using data before and after the missed day(s) catch.. The
estimated catch (except for 0+ steelhead) was then added to the known catch in a given
stratum and applied to the population model for that stratum (Roper and Scarnecchia
1999).

Linear correlation was used to determine. if weekly trapping efficiencies for 0+ Chinook
salmon, 1+ steelhead trout, and 2+ steelhead trout changed over time (weeks).

Regression was used to test for influences of physical variables (average weekly gage
helght and average weekly stream discharge) on weekly trapping efficiencies for a given
species at age. Regression and correlation models did not include any combination of the
independent variables (eg average temperature, average daily discharge, gage height; and
trapping week number) in a given model or test because they were highly correlated with
one-another (Correlation, p < 0.00005, r ranged from 0.79 — 0.95).
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The 0+ Chinook salmon population estimate was partitioned into classes of fry (newly
emerged and post-emergent fry, FL < 45 mm) and fingerlings (FL > 44 mm) each week
of a given year using fork lengths and weekly population estimates. The percentage of
juvenile Chinook salmon per size class each week was then multiplied by the
corresponding weekly population estimate (which included recaptures of marked fry and
fingerlings) to estimate the population of fry and fingerlings. The FL cutoff between fry
and fingerlings was determined by examining FL histograms from six years of trapping
in upper Redwood Creek (FL nadir ranged from 42 — 45 mm, mean = 44 mm) and two
years of trapping in lower Redwood Creek (FL nadirs = 43 and 44mm, mean = 43.5 mm),
from trapping Chinook salmon redds in Prairie Creek (emergent fry fork length per redd
(n = 4) ranged from 35 — 43, and averaged 39 mm) (Sparkman 1997 and 2004b), and
from information gathered in the literature (Allen and Hassler 1986, Healey 1991,
Bendock 1995, Seiler et al. 2004). Allen and Hassler (1986) summarized that newly
emerged Chinook salmon fry range from 35 — 44 mm FL, Healey (1991) reported that
Chinook salmon fry FL’s normally range from 30 — 45 mm, Bendock (1995) used a FL <
40 mm for fry, and Seiler et al. (2004) used a fry cutoff of 40 mm FL. Therefore, the 45
mm FL cutoff for fry in Redwood Creek was similar to that used in other studies.

Regression and correlation were also used to test for influences of average weekly stream
temperature, stream discharge, gage height, and trapping week number on population
emigration by week for 0+ Chinook salmon, 1+ steelhead trout, 2+ steelhead trout, and
1+ coho salmon. As in previous tests, combinations of mdependent variables were not
included in the model due to high correlations.

Descriptive statistics were used to characterize the mean FL (mm) and Wt (g) of each
species at age on a study year and weekly basis. Linear correlation was used to test if the
average weekly FL and Wt of each species at age increased, decreased or didn’t change
over the study period in YR 2004 and YR 2005 (excluding 0+ steelhead weight). : The
lack of data in any given week was due to: 1) differences in trap deployment time among
study years, 2) no catches occurred, or 3) sample size was too low to generate a reliable
average. Single factor ANOVA (or non-parametric equivalent, Kruskal-Wallis One-Way
ANOVA on Ranks) was used to test for significant variation in weekly FL’s and Wt’s
among study years 2004 and 2005.

I determined a ‘ rough’ estimate of growth rate in FL and Wt for 0+ Chinook salmon and
0+ steelhead trout in YR 2004 and YR 2005 generally following methods by Bendock
(1995). I used the first weekly average in FL and Wt with a sample size > 25 and the last
weekly average in the season with a sample size greater than > 25. The first average was
subtracted from the last average, and divided by the number of days from the first day
after the weekly average to the last day of the last weekly average. For example, in YR
2005 growth in FL was calculated by subtracting 49.1 mm (Ave. for 4/16 — 4/22) from
95.3 mm (Ave. for 8/20 — 8/26) and then dividing by 126 days. Thus, the growth rate
would cover the period of 4/23 — 8/26. The resultant growth rate is not an individual
growth rate, but more of a ‘group’ growth rate. The calculated values were then
compared to values put forth by Healey (1991) and Bendock (1995) for Juvemle Chinook
salmon in other streams.
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Chi-square was used to test for differences in the proportions of pre-smolt and smolt
designations for captured 1+ steelhead trout and 2+ steelhead trout in YR 2005 with
captures in YR 2004. Parr stage was not included in the tests because at least one of the
values in the contingency tables was less than 5, which can cause the tests to be
inaccurate (NCSS 97).

Descriptive statistics were used to characterize FL, Wt, travel time (d), travel rate (mi/d),
and various growth indices (Percent Change in Growth, Absolute Growth Rate, Specific
Growth Rate, and Relative Growth Rate) for all pit tagged fish recaptured at the lower -
trap. Average growth values were also determined for recaptured pit tagged fish that
showed positive (excludes negative and zero growth) and negative (excludes positive and
zero growth) growth. The weight of the pit tag (0.09 g) was subtracted from the final
recorded weight to obtain the true weight of the fish. Measurement uncertainties for FL
and Wt were assumed to be + 1 mm and + 0.1 g, therefore final FL’s and Wt’s needed to
be greater than the initial FL and Wt by this amount to constitute a real change in size.

Travel time is defined as the difference (in days) from the recapture date to initial release
date, and equals the period of growth for recaptured individuals. Since pit tagged fish
were released at night (eg 2100) and recaptured at some date in the morning by the lower
trap (when the crew checks the trap at 0900) the earliest recorded travel time could be 0.5
days (or 12 hours). Travel rate is the travel time divided by 29 miles (the distance '
between the upper and lower traps). For the following equations, t; is the initial date, t; is
the ending or recapture date, Y is fish size at t;, and Y is the fish size at t; (Busacker et
al. 1990).

Percent change in growth is defined as (Busacker et al. 1990):
1) % change in growth = ((Y2 — Y1)/ Y1) x 100
Absolute growth rate (AGR) is defined as (Busacker et al. 1990)
2) Absolute growth rate = (Y, — Yl)/(tz -t1)
where t; - t; equals the number of days frem initial release (at the upper trap) to

subsequent recovery at the lower trap. Thus absolute grth rate is expressed as mm per
day or g per day.

|
Specific growth rate (SGRsc) is defined as (Busacker et al. 1990):
3) Specific growth rate (scaled) = [(loge Y2 —loge Y1)/( t2-11)] x 100

Specific growth rate is expressed as a scaled number (by multiplying specific growth by
100). Thus, if the specific growth rate scaled equaled 0.741 %(mm per day), the un-
scaled value would equal 0.00741 mm per day.

Relative grbwth rate (RGR) is defined as (Busacker et al. 1990):
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4) Relative Growth Rate = (Y> — Y )/[Y (t2-t1)]

Relative growth rate is a growth rate that is relative to the initial size of the fish, and units

for FL are in mm/mm/d and for Wt are in g/g/d. Therefore, if the relative growth rate

~ equaled 0.003 mm/mm/d, then we would say that the fish grew 0.003 mm per mm of fish
per day.

Travel time, travel rate, and growth for all recaptured pit tagged 0+ Chinook salmon
smolts (n = 27) were modeled using linear regression. These parameters for 1+ and 2+
steelhead trout could not be modeled due to low recaptures. Independent variables for
travel time and travel rate (dependent variables in this case) included fish size at time 1 or
time 2, water temperature during a specific migration period (average of data from both
traps), and stream discharge during a specific migration period (average of data from both
traps). Independent variables for modeling growth (dependent variable) included travel
time, travel rate, average water temperature, and average stream discharge. Stream
temperature and stream discharge were not included together in any regression models
because they were highly correlated (p < 0.001). During the travel time and growth
experiments (6/3 — 8/10), average daily stream temperatures at the upper trap site ranged
from 11.0 —22.4 °C (51.8 — 72.3 °F) and average daily stream discharge ranged from 13 -
. 309 cfs. Average daily stream temperatures at the lower trap site ranged from 12.2 — 20.0

°C (54.0 — 68.0 °F) and average daily stream discharge ranged from 63 - 1,620 cfs. Thus,
the experiments were conducted over a fairly wide range in values for discharge and
stream temperature.

Minimum, average, and maximum stream temperatures for each day during the trapping
period were determined from data collected by the temperature probes. Descriptive
statistics were used to determine the average stream temperature during the course of the
study. Single factor ANOVA was used to test for significant variation in average
monthly stream temperature among YR 2004 and YR 2005; and for variation among
average daily stream temperature among study years. Tests utilized truncated and non-
truncated data. Data was truncated to match the period (dates) of measurements each
year for a more equivalent comparison. Linear correlations were used to test if the
average daily (24 hour) stream temperature increased or decreased over the study period
in YRS 2004 and 2005. Regression was used to examine the relationship of the dally
stream gage height on average daily stream temperature in YR 2005.

-If data violated tests of statistical assumptions, data was transformed with Log (x+1) to
approximate normality (Zar 1999). For tests involving ANOVA, the non-parametric
equivalent was used (Kruskal-Wallis One-Way ANOVA on Ranks). Power is defined as
the probability of correctly rejecting the null hypothesis when it is false (Zar 1999) The
level of significance (Alpha) for each statistical test was set at 0.05.
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'RESULTS

The rotary screw trap could not be deployed on April 1* as in study YR 2004 because of
continuous high flow events (Appendix 5). The rotary screw trap was set on April 18™,
operated from 4/18/05 - 8/26/05, and trapped 118 nights out of a possible 130. Excluding
the initial 17 days of missed trapping, the trapping rate in YR 2005 was 91% compared to
97% for YR 2004. Days missed trapping in YR 2005 occurred in May (n = 8), and June
(n=4).

Species Captured

Juvenilé Salmonids

Species captured in YR 2005 included: juvenile Chinook salmon (Oncorhynchus
tshawytscha), juvenile coho salmon (O. kisutch), juvenile steelhead trout (O. mykiss),
coastal cutthroat trout (O. clarki clarki), and juvenile pink salmon (O. gorbuscha). A
total of 14,746 juvenile salmonids were captured in YR 2005 (Figure 2). '
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8,000 -

6,000 +

Actual Catches

4,000 +

1,345 2,033
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0+KS 1+KS 0+SH 1+SH 2+SH 0+CO 1+CO CT: 0+Pink

Agelspecies

Figure 2. Total juvenile salmonid trap catches (n = 14,746) from April 19" through
August 26", 2005, lower Redwood Creek, Humboldt County, CA. Numeric values
above columns represent actual catches. 0+ KS = young-of-year Chinook salmon,
1+ KS = age 1 Chinook salmon, 0+ SH = young-of-year steelhead trout, 1+SH=
age 1 and older steelhead trout, 2+ SH = age 2 and older steelhead trout, CT =
cutthroat trout, 0+ Pink = young-of-year pink salmon.
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Trap catches of juvenile salmonids in YR 2005 were much less (83%) than trap catches
in YR 2004 (Table 3). The greatest reduction in catches in YR 2005 occurred with 0+
steelhead trout (93%) and 0+ Chinook salmon (82%). 1+ Chmook salmon trap catches in
YR 2005 was 5.5 times greater than in YR 2004.

Table 3. Comparison of juvenile salmonid trap catches in YR 2004 with YR 2005,
lower Redwood Creek, Humboldt County, CA.

Actual Catches
Percent reduction in

Age/species* . YR 2004 YR 2005 . YR 2005
0+KS 61,778 10,827 _ 82.5
1+ KS 2 11 ‘ -

0+ SH** . 18,642 1,345 ' : "92.8
1+ SH 6,371 2,033 68.1
2+SH ‘ 907 417 ' 54.0
0+ CO ‘ 202 53 ‘ 73.8
1+ CO l 69 ' ' 39 43.5
CT 37 E 9 ' 75.7
0+ Pink NC*** : 2 -
Total: ~ 88,088 14,736 83.3

‘*  Age/species definitions are the same as in Figure 2.
** Includes a small, but unknown percentage of young-of-year cutthroat trout.
*** Denotes not counted.

Miscellaneous Species

The trap caught numerous species besides juvenile anadromous salmonids in YR 2005,
including: prickly sculpin (Cottus asper), coast range sculpin (Cottus aleuticus), sucker
(Catostomidae family), three-spined stickleback (Gasterosteus aculeatus), juvenile
(ammocoete) lamprey and adult Pacific Lamprey (Entosphenus tridentatus) (Table 4).

Amphibian catches included coastal (Pacific) giant salamander (Dicamptodon
tenebrosus), rough skinned newt (Taricha granulosa granulosa), red legged frog (Rana
aurora draytonii), and tailed frog tadpole (Ascaphus. truei) (Table 4). Numerous aquatlc
and semi-aquatic invertebrates were also captured in the trap.
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Table 4. Comparison of miscellaneous species captured in YR 2004 with catches in
YR 2005, lower Redwood Creek, Humboldt County, CA.

, Number Captured
Species Captured YR 2004 YR 2005
Prickly Sculpin 68 140
Coast Range Sculpin 502 ' 212
Sucker , 156 . 89
3-Spined Stickleback 7 225 215
Adulit Pac. Lamprey 13 3
Juvenile Lamprey 154 84
Possible River Lamprey ' .0 ' 0
Pac. Giant Salamander 4 g
Painted Salamander -0 0
Rough Skinned Newt 2 3
Red-Legged Frog . 0 2
Yellow-Legged Frog 0 0
Tailed Frog 0 1

Juvenile Salmonid Captures

Catches of 0+ Chinook salmon, 0+ steelhead trout, 1+ steelhead trout, 2+ steelhead trout,
0+ coho salmon and 1+ coho salmon in YR 2005 were variable over time, with apparent
multi-modal catch distributions for each species at age.

0+ Chinook salmon daily catches in YR 2005 (Total = 10,827) ranged from 0 - 581
individuals, and averaged 91 fish per day. Daily catches in YR 2004 (Total = 61,778)
ranged from 0 — 2,196 and averaged 547 per day. Daily 0+ Chinook salmon captures in
YR 2005 expressed as a percentage of total 0+ Chinook salmon catch in YR 2005 ranged
from 0.0 — 5.4%, and averaged 0.8%. The peak catch in YR 2005 occurred on7/18/05
compared to 6/17/04 in YR 2004.

0+ steelhead trout dally catches in YR 2005 (Total = 1,345) ranged from 0 - 119
individuals, and averaged 11 per day. Daily catches in YR 2004 (Total = 18 ,642) ranged
from 0 — 639 and averaged 154 per day. 'Daily 0+ steelhead captures in YR 2005
expressed as a percentage of total 0+ steelhead catch in YR 2005 ranged from 0.0 — 8.8%
and averaged 0.8%. The peak catch in YR 2005 occurred 5/08/05 compared to 6/11/04 in
YR 2004. :

1+ steelhead trout daily catches in YR 2005 (Total = 2,033) ranged from 0 - 94, and
averaged 17 per day. Daily catches in YR 2004 (Total = 6,371) ranged from 0 — 213 and
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averaged 56 per day. Daily 1+ steelhead trout captures in YR 2005 expressed asa
percentage of total 1+ steelhead trout catch in YR 2005 ranged from 0.0 - 4.6% and
averaged 0.8%. The peak catch in YR 2005 occurred on 5/3/05 compared to 5/29/04 in
YR 2004.

2+ steethead trout daily catches in YR 2005 (Total = 417) ranged from 0 - 27, and
averaged three individuals per day. Daily catches in YR 2004 (Total = 907) ranged from
0 — 39 and averaged eight per day. Daily 2+ steelhead trout captures in YR 2005
expressed as a percentage of total 2+ steelhead trout catches in YR 2005 ranged from 0.0
—6.5%, and averaged 0.8%. The peak catch in YR 2005 occurred on 5/03/05 compared
to 5/16/04 in YR 2004.

0+ coho salmon daily catches in YR 2005 (Total = 53) ranged from 0 - 3 individuals, and
averaged 0.4 fish per day. Daily catches in YR 2004 (Total = 202) ranged from 0 — 15
and averaged 2 per day. Daily 0+ coho salmon captures in YR 2005 expressed as a
percentage of total 0+ coho salmon catch in YR 2005 ranged from 0.0 — 5.7% and
averaged 0.8%. Peak catches in YR 2005 occurred 6/24/05, 7/19/05 and 7/27/05
compared to 7/18/04 in YR 2004.

1+ coho salmon daily catches in YR 2005 (Total = 39) ranged from 0 - 7 individuals, and
averaged 0.3 fish per day. Daily catches in YR 2004 (Total = 69) ranged from 0 — 7 and
averaged 0.6 fish per day. Daily 1+ coho salmon captures in YR 2005 expressed as a
percentage of total 1+ coho salmon catch in YR 2005 ranged from 0.0 — 18.0% and
averaged 0.8%. Peak catches in YR 2005 occurred 5/06/05 compared to 4/16/04 in YR
2004.

Days Missed Trapping

The trap was not set on April 1* (as in YR 2004) and therefore initially lacked 17 days of
trapping. In YR 2004, trap catches during these 17 days equaled 12% of the total catch
for 0+ Chinook salmon, 0% for 1+ Chinook salmon, 3% for 0+ steelhead trout, 7% for 1+
steelhead trout, 11% for 2+ steelhéad trout, 3% for 0+ coho salmon, 26% for 1+ coho
salmon, and 5% for cutthroat trout. At the population level in YR 2004, trap catches
during the 17 days expanded to 10% of the total population estimate for 0+ Chinook
salmon, 3.4% for 1+ steelhead trout, 11% for 2+ steelhead trout, and 13% for 1+ coho
salmon.

Twelve days were not trapped (after trap deployment) in YR 2005 due to high flow
events and high debris loads in the livebox. Days missed trapping did not appear to
influence the total catch or population estimate of 0+ Chinook salmon, 1+ steelhead trout
and 2+ steelhead trout to any large degree (Table 5). However, an estimated 14% of the
1+ coho salmon population and 15% of the 0+ steelhead trout catch would have been

"missed if the estimated catches were not added to the known or actual catches in the
population model.

22




Table 5. The estimated catch and expansion (population level) of juvenile
anadromous salmonids considered to have been missed due to trap not being
deployed (n = 12 d) during the emigration period of April 19" through August 26"
(as a percentage of total without missed days in parentheses), lower Redwood
Creek, Humboldt County, CA., 2005.

Age/spp.* Catch Population Level
0+KS 466 (4.3%) 3,815 (3.0%)
1+KS 0 (0.0%) -

0+ SH 204 (15.1%) -

1+ SH 100 (4.9%) 1,222 (3.9%)
2+ SH 30 (7.2%) : 351 (4.0%)
0+CO 4 (7.5%) -

1+CO 5 (12.8%) 40 (21.9%)
CT 0 (0.0%) -

* Age/species abbreviations are the same as in Figure 2.

Note: Regression methods were used to estimate the number of fish caught when the trap was not
operating. The estimated catches were then added-to the known catches for a given stratum (week) and
used in the population estimate for that stratum (Roper and Scamecchia 1999).
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0+ Chinook salmon

0+ Chinook salmon were captured in each week during the trapping period in YR 2005
(Figure 3). Peak catches in YR 2005 occurred during the week of 7/16 — 7/22, with a
smaller peak occurring 6/4 — 6/10; peak catches in YR 2004 occurred during 6/18 — 6/24
and 4/9 — 4/15. The pattern of catches over time showed emigration in YR 2005 was
extended beyond the ending date for YR 2004. .

Catches by month (not shown) also show the between-year variation in the catch
distribution; the highest percentage of the total catch in YR 2005 occurred in July (61%)
compared to June (47%) in YR 2004. The months of June and July accounted for 83% of
the total catch in YR 2005, compared to May and June, 2004 which accounted for 79% of
the total catch. : -
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Figure' 3. Comparison of 0+ Chinook salmon captures by week in YR 2005 with
catches in YR 2004, lower Redwood Creek, Humboldt County, CA.
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1+ Chinook salmon

1+ Chinook salmon catches were low in each study year, however catches in YR 2005
were much higher than in YR 2004 (Figure 4). 1+ Chinook salmon were captured in four
of the 19 weeks of trap operation in YR 2005. Peak catches in YR 2005 occurred during
4/30 — 5/6, compared to 5/7 — 5/14 in YR 2004. 1+ Chinook salmon were captured in
April and May in YR 2005, and May in YR 2004. '
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Figure 4. Comparison of 1+ Chinook salmon catches in YR 2005 with catches in YR
2004, lower Redwood Creek, Humboldt County, CA.
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0+ Steelhead trout

0+ steelhead trout were captured in each week during the trapping period in YR 2005
(Figure 5). Trap catches peaked during 5/7 — 5/13 in YR 2005 and 6/11 —6/17 in YR
2004. On a monthly basis, the greatest number of catches occurred in May (n = 515 or
38% of total) in YR 2005, and June (n = 9,947 or 53% of total) in YR 2004. The months
of May and July accounted for 65% of the total catch in YR 2005, compared to June and
July, 2004, which accounted for 80% of the total catch. -

0+ Steelhead trout catches

4,000
3,500 A "
' s = % = 2004 (n=18,642
3000 f------mmmmmm e Log--- : ( M.
L === 2005 (n = 1,345)
2500 +---------mmme e ;'—---‘ --------- e
. 3
2,000 - ' + .
' 4 ¢ .
1,500 A ] . ! .
- . .
1,000 - '
- '
G’ e .
500 f-------- QT T -
’ FA . ]
0 ‘I T T T T .
CTONMNDOMDONNNONMNTCONDANDL N O
S ar- N AN BSSTr NN rrrr-A O~ NANS-N
< < w0 [{e] N~ o0
._.FFF.BF)B.BBB..'RRR.B;BB
mN 1 [} Io'l ] lml ] 'ION 1 ] Io L} [ I
dFoomnmaoantTocdgrodso0nd®Qmo
bR - A AN S S 2NN AN
%) st 0
T3V 86°“°s08° "RrR"T 30

Figure 5. Comparison of 0+ steelhead trout captures in YR 2005 with catches in YR
2004, lower Redwood Creek, Humboldt County, CA.
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1+ Steelhead trout

1+ steelhead trout were captured in each week during the trapping period in YR 2005
(Figure 6). Trap catches peaked during 4/23 — 5/6 in YR 2005, with smaller peaks
occurring 5/28 — 6/3 and 7/30 — 8/5; in YR 2004, trap catches peaked during 5/14 — 5/20.
Catches in four weeks in YR 2005 matched weekly catches in YR 2004 (Figure 6). The
pattern of catches over time showed emigration in YR 2005 was extended beyond the
ending date for YR 2004. ‘
On a monthly basis, the greatest number of catches occurred in April (n = 690 or 34% of
total) in YR 2005, and May (n = 3,004 or 47% of total) in YR 2004. The months of April
and May accounted for 63% of the total catch in YR 2005, compared to May and June,
2004 which accounted for 75% of the total catch. ‘

1,200

’ ‘ - - - v
@ 1,000 4------mceeoeea l.‘ ____________ * = YR2004 (n=6,371)|___
= ' ——i=—=YR 2005 (n = 2,033)
% s - -
(4] 800' I} '
- )
3 ]
= ] 4 e
S B00 oot A LT T T T TR R R RNEREEP
E] : .
2 ‘ s b 10"', .
3 400 f----------% S e S .
[]
b
7N
+ .

.

¢ .

0 LA D I S A I A I B T L T
OO NO®DOMNMONMNMONMST - ODLADLNO®DOO
TS5 509500 TRRRT5 5
mN‘I 1 lolllwllllelloml B
g S A - QNS R e v 5 ST NROcC-d
® Y3I¥T66% 68 Re™ 3

Figure 6. Comparnson of 1+ steelhead trout catches in YR 2005 with catches in YR
2004, lower Redwood Creek, Humboldt County, CA.
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2+ Steelhead trout

2+ steelhead trout were captured in each week during the trapping period in YR 2005
(Figure 7). Trap catches peaked during 4/30 — 5/6 in YR 2005, with a smaller peak
occurring 5/28 — 6/3; in YR 2004, trap catches peaked during 5/14 — 5/20. In only a few
weeks were catches comparable among study years. The pattern of catches over time
showed emigration in YR 2005 was extended beyond the ending date for YR 2004.

. On a monthly basis, the greatest number of catches for both trapping years occurred in
May (n = 169 or 40% of total in YR 2005; n = 515 or.57% of total in YR 2004). The
months of April and May accounted for 70% of the total catch in YR 2005, compared to
May and June, 2004 which accounted for 78% of the total catch. '
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Figure 7. Comparison of 2+ steelhead trout catches in YR 2005 with catches in YR
2004, lower Redwood Creek, Humboldt County, CA.
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0+ Coho salmon

0+ coho salmon were captured in 15 of 19 weeks of trap operation in YR 2005 (Figure 8).
Peak catches occurred during 7/16 — 7/29 in YR 2005, and 5/14 — 5/20 and 7/16 - 7/22 in

YR 2004 (Figure 8). The pattern of catches over time showed emigration in YR 2005
was extended beyond the ending date for YR 2004.

On a monthly basis, the greatest number of catches for both study years occurred in July
(n =20 or 38% of the total in YR 2005; n =71 or 35% of the total in YR 2004). The
months of June and July accounted for 58% of the total catch in YR 2005, compared to
May and July, 2004 which accounted for 67% of the total catch.
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Figure 8. Comparlson of 0+ coho salmon catches in YR 2005 with catches in YR
2004, lower Redwood Creek, Humboldt County, CA.
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1+ Coho salmon

1+ coho salmon were caught nearly each week prior to week 6/4 — 6/10 in YR 2005
(Figure 9). Peak catches in YR 2005 occurred during 4/30 — 5/6, with a smaller peak
occurring 5/21 — 5/27; in YR 2004, peak catches occurred 4/30 — 5/6, with smaller peaks
occurring 4/16 — 4/22 and 5/28 — 6/3 (Figure 9).

On a monthly basis, the greatest number of catches for both study years occurred in May
(n =21 or 54% of the total catch in YR 2005; n = 43 or 62% of the total catch in YR
2004). The months of April and May accounted for 100% of the total catch in YR 2005,
and 97% of the total catch in YR 2004.
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Figure 9. Comparison of 1+ coho salmon catches in YR 2005 with catches in YR
2004, lower Redwood Creek, Humbeldt County, CA.
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Cutthroat trout

Cutthroat trout catches were low in each study year, however catches in YR 2004 were
much higher than catches in YR 2005 (Figure 10). Cutthroat trout were captured in six of
19 weeks of trap operation in YR 2005. No definitive peak in catches occurred in YR
2005, however, in YR 2004 a peak in catch occurred during 5/14 - 5/20 (Figure 10).

Catches of cutthroat trout by month were low in YR 2005. In YR 2004, May accounted
for 49% of the total catch.
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Figure 10. Comparison of cutthroat trout catches in YR 2005 with catches in YR
2004, lower Redwood Creek, Humboldt County, CA.
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Trapping Efficiencies
0+ Chinook salmon

We fin clipped and released 5,150 young-of-year Chinook salmon upstream of the trap
site during 85 efficiency trials over the course of trapping in YR 2005. The average
number used in our weekly trials (includes 2- 6 efficiency trials) was 271, and ranged
from 11 — 600 per week. Weekly trapping efficiencies in YR 2005 ranged from 5.0 —
31.4%, and averaged 11 7% (Table 6). Average trapping efficiencies among study years
were similar.

0+ Chinook salmon weekly trap efficiencies in YR 2005 significantly increased over time
(Correlation, p = 0.002, r = 0.66, positive slope, power = 0.93), and were negatively
related to gage height (Regression, p = 0.005, R’ = 0.38, negative slope, power = 0.86)
and stream discharge (log x+1 transformation) (Regression, p = 0.0006, R*>=0.51,
negative slope, power = 0.98).

Table 6. 0+ Chinook salmon trapping efficiency in YR 2004 and YR 2005, lower
Redwood Creek, Humboldt County, CA. .

0+ Chinook salmon trap efficiency (percentage)
Weekly trapping efficiency

Study Year Range Average . Seasonal
2004 7.3-20.7 11.9 11.9
2005 50-314 11.7 ' ‘ 9.6
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1+ Steelhead trout

We fin clipped and released 1,127 one-year-old steelhead trout upstream of the trap site

during 70 efficiency trials over the course of trapping in YR 2005. The average number

used in our weekly trials (includes 2 - 6 efficiency trials) was 59, and ranged from 2 -

189 individuals per week. Weekly trapping efficiencies in YR 2005 ranged from 0.0 —

- 7.7%, and averaged 4.4% (Table 7). The average trapping efficiency in YR 2005 was
about 53% less than the average for YR 2004 (Table 7).

1+ steelhead trout weekly trap efficiencies in YR 2005 did not significantly change over
time (Correlation, p = 0.87, r = 0.04, positive slope, power = 0.05). Weekly trap
efficiencies were also not related to gage height (Regression, p = 0.63, R?=0.01,
negative slope, power = 0.07) or stream dlscharge (Regression, p = 0.97, R* = 0.00,
positive slope, power = 0.05).

Table 7. 1+ steelhead trout trapping efficiency in YR 2004 and YR 2005, lower
Redwood Creek, Humboldt County, CA.

1+ steelhead trout trap efficiency (percentage)
Weekly trapping efficiency :

Study Year Range Average ' Seasonal
2004 4.8-37.5 94 7.9
2005 0.0- 7.7 4.4 : ' 4.6
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2+ Steelhead trout

We fin clipped and released 306 two-year-old steelhead trout upstream of the trap site
during 58 efficiency trials over the course of trapping in YR 2005. The average number
~ used in our weekly trials (includes 1 - 5 efficiency trials) was 16, and ranged from 1 — 48
individuals per week. Weekly trapping efficiencies in YR 2005 ranged from 0.0 —
33.3%, and averaged 4.3% (Table 8). The average trapping efficiency in YR 2005 was
about 25% less than the average for YR 2004 (Table 8). '

The correlation of week number on 2+ steelhead trout weekly trap efficiencies, and the
regressions of gage height and stream discharge on 2+ steelhead trout weekly trap
efficiencies did not pass statistical assumptions (even with transformation), and results
were not valid. '

Table 8. 2+ steelhead trout trapping efficiency in YR 2004 and YR 2005, lower
Redwood Creek, Humboldt County, CA. :

2+ steelhead trout trap efficiency (percentage)
Weekly trapping efficiency

Study Year Range Average - Seasonal
2004 0.0-25.0 5.8 _ 3.6
2005 0.0-33.3 4.3 2.3
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1+ Coho salmon

We fin clipped and released 22 one plus-year-old coho salmon upstream of the trap site
during 12 efficiency trials over the course of trapping in YR 2005. The average number
used in our weekly trials (includes 1 - 4 efficiency trials) was 3, and ranged from 1 — 7
individuals per week. Weekly trapping efﬁcnencws in YR 2005 ranged from 0.0 —
20.0%, and averaged 5.2% (Table 9). The' ‘average weekly trapping efficiency in YR
2005 was 1.4 times greater than the average for YR 2004 (Table 9).

Table 9. 1+ coho salmon trapping efficiency in YR 2004 and YR 2005 lower
Redwood Creek, Humboldt County, CA.

1+ coho salmon trap efficiency (percentage)
Weekly trapping efficiency

Study Year Range . Average Seasonal
2004 0.0-25.0 3.7 . 3.6

2005 0.0-20.0 5.2 9.1

Population Estimates
0+ Chinook salmon

The population estimate (or production) of 0+ Chinook salmon emigrating past the trap in
lower Redwood Creek in YR 2005 equaled 131,164 individuals with a 95% CI of
117,259 — 145,069 (Table 10). Population estimate error (or uncertainty) equaled +
10.6%. Population emigration in YR 2005 was markedly lower than emigration in YR
2004 (N = 554,890; 95%CI 493,160 — 616,620) by 76% (Table 10). :

Monthly population emigration peaked in July (N = 77,386 or 59% of total) in YR 2005
* compared to June (N = 292,155 or 53% of total) in YR 2004. The two most important
months for emigration in YR 2005 were June and July (N = 108,597 or 83% of total)
compared to May and June (N = 431,623 or 78% of total) in YR 2004.
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Table 10. 0+ Chinook salmon population estimates in YR 2004 and YR 2005, lower
Redwood Creek, Humboldt County, CA.

Study Year 0+ Chinook salmon
2004 - 554,890 (+ 11.1%)
2005 131,164 (+ 10.6%)

Population emigration on a weekly basis shows the decrease in abundance in YR 2005
and differences in the migration pattern among study years (Figure 11). The greatest
peak in weekly migration in YR 2005 occurred during 7/16 — 7/22 (N = 29,766),
compared to 6/18 — 6/24 (N = 110,980) in YR 2004. The pattern of population
emigration (similar to the catch distribution) over time showed emigration in YR 2005
was extended beyond the ending date for YR 2004 (7/29).
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Figure 11. 0+ Chinook salmon population emigration by week in YR 2004 and YR
2005, lower Redwood Creek, Humboldt County, CA. Age/species abbreviation is
the same as in Figure 2.
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The population of 0+ Chinook salmon emigrants consisted of both fry (FL < 45 mm) and
fingerlings (FL > 44 mm) in YR 2004 and YR 2005 (Figure 12). The number (and

' percentage) of fry in YR 2005 (N = 2,052 or 1.6% of total population) was much less

than in YR 2004 (N = 82,854 or 15% of total population). The migration of fry in YR

2005 peaked 4/30 — 5/6 (N = 739), compared to 4/9 — 4/15' (N = 37,972) in YR.2004.

The last fry to migrate past the trap site in YR 2005 occurred on 5/28, compared to 5/21

in YR 2004.

Fingerling migration was low in the beginning of trapping each study year, increased -
over time each year, and peaked during 7/16 — 7/22 (N =29,766) in YR 2005 and 6/18 —
6/24 (N = 110,980) in YR 2004 (Figure 12) The total number of fingerlings in YR 2005
equaled 129,113 (or 98.4% of total population estimate) compared to 472, 306 (or 85% of
total population estimate) in YR 2004. {
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Figure 12. 'Estimated 0+ Chinook salmon fry and fingerling abundance and
migration timing in YR 2004 and YR 2005 lower Redwood Creek, Humboldt
County, CA.
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1+ Steelhead trout

The population estimate (or production) of 1+ steelhead trout emigrating past the trap in
lower Redwood Creek in YR 2005 equaled 32,901 individuals with a 95% CI of 24,967 —
40,835. Population estimate error (or uncertainty) equaled + 24.1%. Population
emigration in YR 2005 was 57% lower than emlgratlon in YR 2004 (N = 77,221, 95% CI
= 64,649 — 89,792) (Table 11).

Monthly population emigration peaked in April (N = 11,192 or 34% of total) in YR 2005
compared to May (N = 32,926 or 43% of total) in YR 2004. The two most important
months for emigration in YR 2005 were April and May (N = 22,238 or 68% of total)
compared to May and June (N = 58,680 or 76% of total) in YR 2004.

Table 11. 1+ steelhead trout population estimates in YR 2004 and YR 2005, lower
Redwood Creek, Humboldt County, CA.

Study Year A 1+ steelhead trout
2004 77,221 (+16.3%)
2005 - 32,901 (+24.1%) '

Population emigration on a weekly basis shows the decrease in abundance in YR 2005
compared with YR 2004 (Figure 13). The greatest peak in weekly migration occurred
during 4/30 — 5/6 (N = 7,494) in YR 2005, compared to 5/14 — 5/20 (N = 9,985) in YR
2004. Emigration during 6/11 —7/15 in YR 2005 was much lower than emigration
during the same time period in YR 2004 (Figure 13). The pattern of population
emigration over time showed emigration in YR 2005 was extended beyond the endmg
date for YR 2004 (7/29) (Flgure 13).
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Figure 13. 1+ steelhead trout population emigration by week in YR 2004 and YR
2005, lower Redwood Creek, Humboldt County, CA Age/species abbrevmtion is
the same as in Figure 2.

2+ Steelhead trout

The population estimate (or production) of 2+ steelhead trout emigrating past Sthe trap in
lower Redwood Creek in YR 2005 equaled 8,754 individuals with a 95% CI of 4,975 —
12,533. Population estimate error (or uncertainty) equaled + 43.2%. Using point
estimates, population emigration in YR 2005 was 55% lower than emigration in YR 2004
(N =19,353; 95% CI=11,918 — 26,788) (Table 12). :

Monthly population emigration peaked in May for both study years (N = 3,738 or 43% of
- total in YR 2005; N = 11,956 or 62% of total in YR 2004). The two most important
months for emigration in YR 2005 were Apnl and May (N = 6,391 or 73% of total)
compared to May and June (N = 15,688 or 81% of total) in YR 2004.
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‘Table 12. 2+ steelhead trout population estimates in YR 2004 and YR 2005, lower
Redwood Creek, Humboldt County, CA.

Study Year 2+ steelhead trout
2004 19,353 (+ 38.4%)
2005 8,754 (+ 43.2%)

Population emigration on a weekly basis shows the decrease in abundance in YR 2005
compared with YR 2004 (Figure 14). The greatest peak in weekly migration occurred
during 4/30 — 5/6 for both study years (N = 2,232 in YR 2005; N = 3,604 in YR 2004)
(Figure 14). The pattern of population emigration over time showed emigration in YR
2005 was extended beyond the ending date for YR 2004 (Figure 14).
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Figure 14. 2+ steelhead trout population emigration by week in YR 2004 and YR
2005, lower Redwood Creek, Humboldt County, CA. Age/species abbreviation is
the same as in Figure 2.
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1+ Coho salmon

The population estimate (or production) of 1+ coho salmon emigrating past the trap in
lower Redwood Creek in YR 2005 equaled 183 individuals with a 95% CI of 56 — 309.
Population estimate error (or uncertainty) equaled + 69.3%. Using point estimates,
population emigration in YR 2005 was 66% lower than emigration in YR 2004 (N = 535;
95% CI =197 - 872) (Table 13).

Monthly population emigration peaked in May for both study years (N = 126 or 69% of
total in YR 2005; N = 373 or 70% of total in YR 2004). The two most important months
for emigration in both study years were April and May (N = 182 or 99% of total in YR
2005; N = 525 or 98% of total in YR 2004).

Table 13. 1+ coho salmon population estimates in YR 2004 and YR 2005, lower
Redwood Creek, Humboldt County, CA.

Study Year 1+ coho salmon
2004 535 (+ 63.2%)
2005 183 (+ 69.3%)

Population emigration on a weekly basis shows the decrease in abundance in YR 2005
compared with YR 2004 (Figure 15). The majority of migration during both study years
occurred prior to the end of May. The greatest peak in weekly migration occurred during
5/7-5/13 (N = 80) in YR 2005 and 4/30 — 5/6 (N = 182) in YR 2004 (Figure 15).
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Figure 15. 1+ coho salmon population emigration in YR 2004 and YR 2005, lower
Redwood Creek, Humboldt County, CA. Age/species abbreviation is the same as
in Figure 2.

Linear Relations of weekly population emigration for 0+ Chinook salmon, 1+

steelhead trout, 2+ steelhead trout and 1+ coho salmon with Stream Gage Height,
Stream Discharge, Stream Temperature, and Time (trapping week number)

0+ Chinook salmon weekly population emigration [transformed with log(x+1)] in YR
2005 was not statistically related to the stream gage height, stream discharge, or stream
temperature (Regression, p > 0.05 for each test); and was also not related to week number
(Correlation, p > 0.05).

1+ steelhead trout weekly population emigration [transformed with log(x+1)] in YR 2005
was not statistically related to the stream gage height, stream discharge, or stream
temperature (Regression, p > 0.05 for each test); however, 1+ steelhead trout weekly
population emigration (not transformed) was negatively related to the trapping week
number (Correlation, r = 0.52, p = 0.023, slope is negative, power = 0.65). The
correlation of week number with emigration showed that 52% of the variation in
emigration can be associated with trapping week number.

2+ steelhead trout weekly population emigration [transformed with log(x+1)] in YR 2005
was positively related to the stream gage height (Regression, R? = 0.36, p = 0.007, slope
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is positive, power = 0.83) and stream discharge (Regression, R* = 0.23, p = 0.04, slope is
positive, power = 0.56), and negatively related to stream temperature (Regression, R =
0.44, p = 0.002, slope is negative, power = 0.93). Weekly population emigration was
also negatively related to trapplng week number (Correlation, r =0.77, p = 0.0001, slope
is negative, power = 1.0).

1+ coho salmon weekly population emigration [transformed with Iog(x+1)] in YR 2005
was positively related to stream gage height (Regression, R?>=0.31,p=0. 01, slope is
positive, power = 0.75), and stream discharge (Regression, R* =0.26, p = 0.03, slope is
positive, power = 0.63), and negatively related to stream temperature (Regression, R?=
0.44, p = 0.002, slope is negative, power = 0.93). The weekly population estimates were
also negatively related to trapping week number (Correlation, r=0.71, p = 0. 0006 slope
is negative, power = 0.97).

’

Age Composition of Juvenile Steelhead Trout

The following percentages represent maximum values for 1+ and 2+ steelhead trout
because their population estimates were compared to catches of 0+ steelhead trout (ie the
actual catches of 0+ steelhead trout are less than expected 0+ steelhead trout population
emigration). Far more 1+ steelhead trout migrated downstream than either 0+ or 2+
steelhead trout each study year (Table 14). Using catch and population data, the ratio of
0+ steelhead trout to 1+ steelhead trout to 2+ steelhead trout equaled 0.2:4:1 compared to
1:4:1 in YR 2004. Combining both years, the ratio equaled 0.7:4:1. The ratio of 1+ -
steelhead trout to 2+ steelhead trout equaled 4:1 for both study years.

Table 14. Comparison of 0+ steelhead trout, 1+ steelhead trout, and 2+ steelhead
trout percent composition of total juvenile steelhead trout downstream migration -
in YR 2004 and YR 2005, lower Redwood Creek, Humboldt County, CA.

Percent composition of total juvenile steelhead trout emigration

Study Year . 0+ steelhead* 1+ steelhead 2+‘s‘te:elhead'
2004 %3 e 16.8
2005 31 76.5 20.4

Combined 12.6 . 69.6 1‘7.8

* Uses actual catches instead of population estimate.
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Fork Lengths and Weights
0+ Chinook Salmon

We measured (FL mm) 2,723 and weighed (g) 1,284 0+ Chinook salmon in YR 2005
(Table 15). Average FL (74.3 mm) and Wt (5.17 g) in YR 2005 was greater than the
average FL (59.8 mm) and Wt (2 55 g) in YR 2004. Standard error of the mean was 0.3
mm and 0.09 g for FL and Wt in YR 2005, and 0.2 mm and 0. 04 g for FL and Wt'in YR
2004. The average size of fry (FL < 45 mm) was 40.6 mm in YR 2005, and 39.9 mm in
YR 2004; average size of fingerlings was 76.4 mm in YR 2005 and 63.5 mm in YR 2004.

" Table 15. 0+ Chinook salmon average and median fork length (mm) and weight (g)
in YR 2004 and YR 2005, lower Redwood Creek, Humboldt County, CA.

0+ Chinook Salmon
Fork Length (mm) ‘ Weight (g)
YR N) n Ave. Median n Ave. Median
2004 554,890 3,192 598 61.0 1,429  2.55 2.4
2005 131,164 2,723 743  80.0 1,284 5.17 5.6

Average weekly FL (mm) significantly increased over time (weeks) in YRS 2004 and
2005 (Correlation, p = 0.000001, r = 0.97, power = 1.0 for each test) (Figure 16). The
increases in average FL over time show growth was taking place, and from 4/23 — 8/26
0+ Chinook salmon grew 0.37 mm/d in YR 2005 compared to 0.30 mm/d from 4/9 —7/29
in YR 2004. The average weekly FL (mm) in both study years was positively related to
the percentage of ﬁngerhngs each week (Regression, YR 2005, R? = 0.55, p = 0.0003,
power = 0.99; YR 2004, R* = 0.77, p = 0.000003, power = 1.0). Kruskal-Wallis One-
Way ANOVA on Ranks showed that the median weekly FL (79.2 mm) in YR 2005 was
significantly greater than the median weekly FL (63.0 mm) in YR 2004 (p = 0.03).
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Figure 16. 0+ Chinook salmon average weekly fork length (mm) in YR 2004 and YR
2005, lower Redwood Creek, Humboldt County, CA. )

Average weekly Wt (g) significantly increased over time (weeks) in YRS 2004 and 2005
(Correlation, p = 0.000001, r = 0.97 and 0.98, power = 1.0) (Figure 17).. The increases in
average Wt over time show growth was taking place, and from 4/30 — 8/26 0+ Chinook
salmon grew 0.07 g/d in YR 2005 compared to 0.03 g/d from 4/9 — 7/29 in YR 2004.

The average weekly Wt (g) in both study years was positively related to the percentage of
fingerlings each week (Regression, YR 2005, R? = 0.55, p = 0.0003, power = 0:99; YR
2004, R* = 0.63, p = 0.0001, power = 1.0). The median weekly Wt (g) (5.53 g) in YR
2005 was significantly greater than the median weekly Wt (2.84 g) in YR 2004 (Kruskal-
Wallace One-Way ANOVA on Ranks, p = 0.02).
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. Figure 17. 0+ Chinook salmon average weekly weight (g) in YR 2004 and YR 2005,
_ lower Redwood Creek, Humboldt County, CA.

1+ Chinook Salmon

We measured (FL. mm) and weighed (g) 11 1+ Chinook salmon in YR 2005 (Table 16).
Average FL (109 mm) and Wt (13.60 g) in YR 2005 was greater than the average FL and
Wtin YR 2004.

Table 16. 1+ Chinook salmon average and median fork length (mm) and weight (g)
in YR 2004 and YR 2005, lower Redwood Creek, Humboldt County, CA.

0+ Chinook Salmon
Fork Length (mm) Weight (g)
YR (N) n Ave.  Median n Ave. Median
2004 ‘ >2 2 101.0 101.0- 2 11.25 11.25

2005 >11 11 1092 111.0 11 13.60 _ 13.50
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0+ Steelhead Trout

We measured (FL. mm) 1,099 0+ steelhead trout in YR 2005 (Table 17). Average FL
(51.1 mm) in YR 2005 was greater than the average fork length (49.6 mm) in YR 2004.
Standard error of the mean was 0.6 mm in YR 2005 and 0.2 mm in YR 2004.

Table 17. 0+ steelhead trout average and median fork length (mm) in YR 2004 and
YR 2005, lower Redwood Creek, Humboldt County, CA.

0+ Steelhead Trout -
Fork Length (mm) Weight (g)
YR N) n Ave. Median n Ave. Median

2004 - >18,642 2,939 49.6 .52.0 - - -

2005 > 1,345 1,099 S1.1 53.5 - - -

The first three average weekly FL’s in YR 2004 were dominated by fry compared to the
first five weeks in YR 2005 (Figure 18). Average weekly FL (mm) significantly
increased over time (weeks) in YRS 2004 and 2005 (Correlation, p = 0.000001, r = 0.98,
power = 1.0 for each test) (Figure 18). The increases in average FL over time show
growth was taking place, and from 4/23 —8/19 0+ steelhead trout grew 0.34 mm/d in YR
2005 compared to 0.29 mm/d from 4/9 — 7/29 in YR 2004.

Kruskal-Wallis One-Way ANOVA on Ranks showed that the median weekly FL (45.9

mm) in YR 2005 was not significantly different than the median weekly FL (50 3 mm) in
YR 2004 (p > 0.05).
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Figure 18. 0+ steelhead trout average weekly fork length (mm) in YR 2004 and YR
2005, lower Redwood Creek Humboldt County, CA.

1+ Steelhead Trout

We measured (FL mm) 1,442 and weighed (g) 919 1+ steelhead trout in YR 2005 (Table
18). Average FL (90.8 mm) and Wt (8.31 g) in YR 2005 was greater than the average FL
" (84.4 mm) and Wt (7.04 g) in YR 2004. Standard error of the mean was 0.3 mm and 0.10
g for FL and Wt in YR 2005, and 0.3 mm and 0. 1 1 g for FL and Wt in YR 2004.

Table 18. 1+ steelhead trout average and median fork length (mm) and weight (g),
lower Redwood Creek, Humboldt County, CA.

1+ Steelhead Trout

Fork Length (mm) Weight (g)
YR N) . n Ave. Median n Ave. Median
2004 77,221 2,713 844 81.0 1,201  7.04 5.80
2005 32,901 1,442  90.8 89.0 919 831 7.40
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Average weekly FL (mm) did not significantly change over time (weeks) in YRS 2004
and 2005 (Correlation, p > 0.05 for each test) (Figure 19). Average weekly fork length in
YR 2005 (91.8 mm) was significantly greater than the average in YR 2004 (84.1 mm)
(ANOVA, p = 0.0007, power = 0.95).
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Figure 19. 1+ steelhead trout average weekly fork length (mm) in YR 2004 and YR
2005, lower Redwood Creek, Humboldt County, CA.

1+ steelhead trout average weekly Wt (g) did not significantly change over time (weeks)
in YRS 2004 and 2005 (Correlation, p > 0.05 for each test) (Figure 20). Average weekly
weightin YR 2005 (8.66 g) was significantly greater than the average in YR 2004 (6.95
g) (ANOVA, p = 0.005, power = 0.84).
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Figure 20. 1+ steelhead trout averagé weekly weight (g) in YR 2004 and YR 2005,
lower Redwood Creek, Humboldt County, CA.

2+ Steelhea

d Trout

We measured (FL mm) 413 and weighed (g) 412 2+ steelhead trout in YR 2005 (Table
19). Average FL (143.2 mm) and Wt (31.25 g) in YR 2005 was greater than the average
FL (141.9 mm) and Wt (30.69 g) in YR 2004. Standard error of the mean was 1.0 mm
and 0.65 g for FL. and Wt in YR 2005, and 0.7 mm and 0.44 g for FL and Wt in YR 2004.

Table 19. 2+ steelhead trout average and median fork length '(mm) and weight (g) in
YR 2004 and YR 2005, lower Redwood Creek, Humboldt County, CA.

2+ Steelhead Trout
Fork Length (mm) : Weight (g)
YR N) n Ave. Median n ‘Ave. Median
2004 19,353 886 1419 135.0 864  30.69 26.00
2005 8,754 413 '143.2 139.0 . 412 3125  27.05
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The pattern of 2+ steelhead trout average weekly FL’s (mm) over time in YRS 2004 and
2005 were similar (Figure 21). However, average weekly FL’s in YR 2004 significantly
decreased over time (Correlation, r = 0.79, p = 0.0002, slope is negative, power = 1.0);
and in YR 2005, average weekly FL’s did not significantly change over time
(Correlation, p > 0.05). Average weekly fork length in YR 2005 (140.6 mm) was not
significantly different than the average in YR 2004 (142 8 mm) (ANOVA, p > 0.05,
power = 0 09).
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Figure 21. 2+ steelhead trout average weekly fork length (mm) in YR 2004 and YR
2005, lower Redwood Creek, Humboldt County, CA.

i

Similar to the FL measurements, 2+ steelhead trout average weekly Wt (g) in'YR 2004
significantly decreased over time (Correlatlon r=0.80, p=0.0001, slope is negatlve
power = 1.0); and in YR 2005, average weekly Wt’s did not significantly change over
time (Correlation, p > 0.05). Average weekly Wt (g) in YR 2005 (29.97 g) was not
significantly different than the average in 'YR 2004 (31.51 g) (ANOVA, p > 0. 05 power
=0.10).
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Figure 22. 2+ steelhead trout average weekly weight (g) in YR 2004 and YR 2005,
lower Redwood Creek, Humboldt County, CA. -

0+ Coho Salmon

We measured (FL mm) 53 and weighed (g) 50 0+ coho salmon in YR 2005 (Table 20).
Average FL (61.8 mm) and Wt (3.38 g) in YR 2005 was less than the average FL (66.2
mm) and Wt (3.76 g) in YR 2004. Standard error of the mean was 2.0 mm and 0.30 g for
FL and Wt in YR 2005, and 0.7 mm and 0.11 g for FL and Wt in YR 2004.

Table 20. 0+ coho salmon average and median fork length (mm) and weight (g) in
YR 2004 and YR 2005, lower Redwood Creek, Humboldt County, CA.

0+ Coho Salmon

Fork Length (mm) Weight (g)
YR @) n Ave. Median n Ave. Median
2004 > 202 202 66.2 66.0 198 3.76 3.50
2005 > 53 53 - 618 63.0 50 3.38 3.15
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)

Data for average weekly FL’s in YR 2004 failed correlation assumption tests, and results
of the test of FL over time were not valid. However, average weekly FL’s in YR 2005
passed assumption tests, and correlation showed a positive increase in FL over time (r =
0.97, p = 0.00006, slope is positive, power, = 1.0) (Figure 23). Average weekly fork
length in YR 2005 (60.7 mm) was not significantly different than the average in YR 2004
(63.4 mm) (ANOVA, p > 0.05, power = 0.08).
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Figure 23. 0+ coho salmon average weekly fork length (mm) in YR 2004 and YR
2005, lower Redwood Creek, Humboldt County, CA. L

\

0+ coho salmon average weekly Wt (g) in YR 2004 significantly increased over time
(Correlation, r = 0.80, p = 0.000003, slope is positive, power = 1.0) as did the average for
YR 2005 (Correlation, r = 0.98, p = 0. 000008 slope is positive, power = 1.0) (Figure 24).
Average weekly Wt (g) in YR 2005 (3.06 g) was not significantly different than the
average in YR 2004 (3.44 g) (ANOVA, p> 0.05, power =0.09).
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Figure 24. 0+ coho salmon average weekly weight (g) in YR 2004 and YR 2005,
lower Redwood Creek Humboldt County, CA.

1+ Coho Salmon

We measured (FL mm) 69 and weighed (g) 67 1+ coho salmon in YR 2005 (Table 21).
Average FL (109.4 mm) and Wt (13.71 g) in YR 2005 was greater than the average FL
(105.3 mm) and Wt (13.09 g) in YR 2004. Standard error of the mean was 1.3 mm and
0.48 g for FL and Wt in YR 2005, and 1.0 mm and 0.37 g for FL and Wt in YR 2004.

Table 21. 1+ coho salmon average and median fork length (mm) and weight (g) in
YR 2004 and YR 2005, lower Redwood Creek, Humboldt County, CA.

1+ Coho Salmon

. . Fork Length (mm) Weight (g)
YR N) n Ave. Median n Ave. Median
2004 535 69 105.3 105.0 67 - 13.09 12.09
- 2005 183 39 1094 . 110.0 39 13.71 13.40




- Average weekly fork length in YR 2004 increased over time (Figure 25) and a statistical
relationship with time (weeks) was detected (Correlation, r = 0.86, p = 0.006, slope is
negative, power = 0.93). Average weekly fork length in YR 2005 (109.1 mm) was not
significantly different than the average in YR 2004 (106.0 mm) (ANOVA, p > 0.05,
power =0.18).
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Figure 25. 1+ coho salmon average weekly fork length (mm) in YR 2004 and YR
2005, lower Redwood Creek, Humboldt County, CA.

Similar to average weekly FL data, 1+ coho salmon average weekly Wt (g) in YR 2004
significantly increased over time (Correlation, r = 0.80, p=0.017, slope is positive,
power = 0.77); and average Wt in YR 2005 did not 81gn1ﬁcantly change over time -
(Correlation, P > 0.05, power = 0.09) (Flgure 26).

Average weekly Wt (g) in YR 2005 (13.8 g) was not significantly different than the
average in YR 2004 (13.3 g) (ANOVA, p > 0.05, power = 0.07).
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Figure 26. 1+ coho salmon average weekly weight (g) in YR 2004 and YR 2005,
lower Redwood Creek, Humboldt County, CA.-

Cutthroat Trout

We measured (FL. mm) nine and weighed (g) seven cutthroat trout in YR 2005 (Table
22). Average FL (228.7 mm) and Wt (70.14 g) in YR 2005 was greater than the average
FL (171.0 mm) and Wt (61.28 g) in YR 2004. Standard error of the mean was 34.2 mm
and 16.2 g for FL and Wt in YR 2005, and 5.4 mm and 7.1 g for FL and Wt in YR 2004..

The FL’s of cutthroat trout in YR 2004 ranged from 125 - 249 mm, compared to 144 -
450 mm in YR 2005. ’ '

Using FL measurements per day, the median FL in YR 2005 was significantly greater
than the median in YR 2004 (Kruskal-Wallis One-Way ANOVA on Ranks, p = 0.006).
No significant difference in median Wt among study years was detected (Kruskal-Wallis
One-Way ANOVA on Ranks, p > 0.05).
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i Table 22. Cutthroat trout average and median fork length (mm) and weight (g) in
YR 2004 and YR 2005, lower Redwood Creek, Humboldt County, CA.

‘Cutthroat Trout
Fork Length (mm) - Weight (g)
YR N) n Ave. . Median n Ave. : Median
2004 > 37 36 171.0 161.5 36 6128 43.15
2005 >9 9 228.7 185.0 7 70.14  64.80

" 0+ Pink Salmon

The two 0+ pink salmon captured on 4/29/05 had FL’s of 38 and 39 mm.

Developmental Stages

1+ and 2+ Steelhead Trout

There was an obvious non-random distribution of parr, pre-smolt, and smolt designations
(developmental stages) for 1+ and 2+ steelhead trout captured in YR 2004 and YR 2005
(Table 23). Contingency tests (2x2) showed significant differences in the proportions of
pre-smolt and smolt designations for 1+ steelhead trout and 2+ steelhead trout captured in
YR 2005 with captures in YR 2004 (1+ SH, Chi-square, p < 0.000001; 2+SH, Chi-

" square, p < 0.0009). For both tests (1+SH and 2+SH) there were comparatively more
smolt designations in YR 2005. The combined percentage of pre-smolts and smolts for

- 1+ steelhead trout and 2+ steelhead trout in YR 2004 and YR 2005 was nearly 100%
(Table 23).

Table 23. Developmental stages of captured 1+ and 2+ steelhead trout in YR 2004
and YR 2005, lower Redwood Creek, Humboldt County, CA

Developmental Stage (as pefcentage of total catch)

1+ Steelhead Trout 2+ Steelhead Trout
Year . Parr Pre-smolt | Smolt + Parr Pre-smolt - Smolt
2004 . 0.2 31.5 68.3 0.0 - 57 94.3
2005 0.2 13.6 86.2 00 1.7 98.3
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Additional Experimentsi .

Re-migration

We did not recapture any of the 1+ and 2+ steelhead trout marked and released with
elastomer (n = 800) at the upper trap in YR 2004 at the lower trap in YR 2005. Thus, we
have found no evidence of downstream migrating 1+ and 2+ steelhead trout holding over
for another year to migrate downstream. This test also served to show that marked fish
which passed the lower trap in YR 2004 did not migrate back upstream to later re-mlgrate
downstream in YR 2005.

Travel Time and Growth ‘

0+ Chinook Salmon

We recaptured 27 pit tagged 0+ Chinook salmon smolts at the lower trap out of 555
released from the upper trap site (Sparkman In progress). The lower trap caught pit
tagged individuals from 16 of the 21 (or 76%) tagging groups released. The percentage
recaptured per tagging group ranged from 0.0 — 20.0% and averaged 5.3%.

Initial fork lengths of recaptured fish ranged from 70 - 90 mm and averaged 80 mm
(Appendix 6). Time to travel the 29 miles between traps ranged from 1.5 - 19.5 d and
averaged 7.5 d (median = 5.5 d). Travel time was not significantly related to FL or Wt at
time 1 or time 2, stream temperature, or stream discharge (Regression, p > 0.05 for all
tests, n = 27). Travel rate ranged from 1.5 - 19.3 mi/d (2.4 — 31.1 km/d) and averaged 8.2
mi/d (13.2 km/d) (median = 5.3 mi/d or 8.5 km/d) (Appendix 6). Travel rate was weakly
related to FL at time 1 (Regression, p-=0.01, R* = 0.24, slope is positive, power =0.76, n
= 27) and Wt at time 1 (Regression, p=0. 006 R?=0.27, slope is positive, power =
0.83); no significant relationships were found with stream temperature, stream discharge
or fish size at time 2 (Regression, p > 0.05 for each test).

Multiple fish released at the same time were occasionally recaptured at the lower trap on -
the same day (n = 5 recaptures). In contrast, most fish that were released at the same time
(as a group) were recaptured on varying dates, and travel time for recaptured individuals
(n =5) for the 7/21/05 release group ranged from 4.5 - 19.5 days (Appendix 6).

The size of recaptured pit tagged 0+ Chinook salmon at time 2 (recapturé day) was
positively related to initial size at release (Regression, FL: p = 0.000001, R?>=0.67,
power = 1.0; Wt: p =0.00001, R? = 0.62, power = 1.0).

F ourteen (52%) of the 27 recaptured 0+ Chinook salmon showed positive growth in FL
and Wt, five (18%) showed a decrease in Wt, and none of the recaptures showed a
decrease in FL. Thirteen individuals (48%) showed no change in FL and eight
individuals did not experience a change in Wt (30%) (Appendix 7). On average, the 0+
Chinook salmon experienced a positive percent change in size of 3.6% for FL and 9.6%
for Wt (Appendlx 8). The 0+ Chinook salmon showed, on average, positive growth in
FL for absolute growth rate (Ave. = 0.22 mm/d), relative growth rate (Ave. = 0.003
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mm/mm/d), and specific growth rate scaled [Ave. = 0.279 %(mm/d)] (Appendix 8). The
0+ Chinook salmon averaged an absolute growth rate in Wt of 0.00 g/d, a relative growth
rate of 0.001 g/g/d and a specific growth rate scaled of 0.003 %(g/d) (Appendix 8).

The relationship of travel time on various FL and Wt growth indices was significant and
positive (Appendix 9). Travel time explained more of the variation in growth than any
other variable tested (Appendix 9 and Figure 27).

18.00
L 2
16.00
14001  y=0.7361x - 1.8699
12.00 - R2 =0.841
10.00 p = 0.000001

Percent change in FL (mm)

Travel Time (d)

Figure 27. Linear regression of travel time (d) on percent change in FL (mm) for pit
tagged 0+ Chinook salmon released at the upper trap site and recaptured at the
lower trap (a distance of 29 mi) in Redwood Creek, Humboldt County, CA., 2005,
Although 27 data points were used in the regression, only 18 are visible due to
symbol overlap. S \

Separate growth statistics were determined for recaptured pit tagged 0+ Chinook salmon
individuals showing either positive (n = 14) or negative growth (n = 5) (Table 22). On
average, the pit tagged Chinook salmon absolute growth rate equaled 0.428 mm per day
for FL, and 0.094 g per day for Wt (Table 24). |
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Table 24. Growth statistics for recaptured pit tagged 0+ Chinook salmon that
showed positive (n = 14) or negative (n = 5) growth, Redwood Creek, Humboldt
County, CA., 2005.

Positive Growth
% Change in: AGR* ~ SGRsc* RGR*
FL WT FL WT "FL WT - FL WT
Min. 2.47 4.20 0.190 0.020 0.232  0.312 0.002  0.003
Max. 17.11  46.04 0.670 0.270 0.810 3.177 0.009  0.033
-~ Ave. 7.04  20.75 0.428 0.094 0538 1546 = 0.006 - 0.017
SD 446 16.03 0.142 0.063 0.182 0.744 0.002 0.009
Negative Growth
% Change in: AGR SGRsc ' RGR
FL WT FL. WT - FL WT FL WT
Min. - -5.09 - -0.190 - -3.481 - -0.034
Max. - -7.66 - -0.390 - -5.315 - -0.051
Ave. - -6.26 - -0.286 - -4.312 - -0.042
SD - 0.95 - 0.076 - 0.677 - 0.006

* AGR = absolute growth rate (FL mm/d Wt g/d), SGR = specific growth rate scaled [FL %(mm/d), Wt
%(g/d)], RGR = relative growth rate' (FL mm/mnv/d; Wt g/g/d).

1+ and 2+ Steelhead Trout

- We recaptured one 2+ steelhead trout marked with elastomer (which also had a partial
upper caudal fin clip), and three 1+ steelhead trout marked with elastomer in YR 2005 at
"the lower trap in YR 2005 (Table 25). The 2+ steelhead trout was not a re-migrating fish
(1+SH) from YR 2004 because the partial fin clip was fresh, and showed no signs of
regeneration. We also captured two pit tagged 1+ steelhead trout at the lower trap which
were released at the upper trap (Table 25). Travel time for the single 2+ steelhead trout
was 7 d,-as compared to the average travel time for 1+ steelhead trout of 12 d (n= 5, SD
= 13.3). Travel time for 1+ steelhead trout ranged from 2 - 35 d, and travel rate ranged
from 0.8 - 14.5 miles per day (Table 25).

One of the recaptured pit tagged steelhead trout showed growth during the 29 mile
migration (initial size = 71 mm). This fish experienced a percent change in FL and Wt of
7.0 and 39.7%, an absolute growth rate of 0.43 mm/d and 0.11 g/d, a specific growth rate

(scaled) of 0.257 %(mm/d) and 1.262 %(g/d), and a relative growth rate of 0.006
mm/mmnv/d and 0.035 g/g/d.
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Table 25. Travel time (d) and travel rate (mi/d) for 2+ steelhead trout and 1+

steelhead trout released at the upper trap site and recaptured at the lower trap
(distance of 29 miles) in Redwood Creek, Humboldt County, CA., 2005.

Travel Time Experiments

Initial Mark or Date Date Travel Travel
Age/species FL mm Tagtype Released* Recaptured**  time (d) rate (mi/d)
2+ SH - Elastomer  5/28/05 6/04/05 7.0 4.1
1+ SH - Elastomer  4/28/05 4/30/05 2.0 14.5
1+ SH - Elastomer  4/28/05 6/02/05 35.0 0.8
1+ SH - Elastomer 5/05/05 5/15/05 10.0 2.9
1+ SH 89 Pit Tag 6/02/05 6/06/05 3.5 8.3
1+ SH 71 Pit Tag 7/14/05 7/26/05 11.5 2.5

" * Released at upper trap (RM 33). Elastomer fish were released in the morning, pit tag
at night.

** Recapture at lower trap (RM 4).

Trapping Mortality

fish were released

The mortality-of fish that were captured in the trap and subsequently handled was closely
monitored over the course of each trapping period. The trap mortality (includes handling
mortality) for a given age/species in YR 2005 ranged from 0.00 — 1.56%, and using all
data, was 1.00% of the total captured and handled (Table 26). Trapping mortality was
probably higher in YR 2005 compared to YR 2004 because in YR 2005 we éxperienced
much higher stream flow and debris loading in the trap’s livebox.
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Table 26. Trapping mortality for juvenile salmonids captured in YR 2004 and YR
2005, lower Redwood Creek, Humboldt County, CA. .

Trapping Mortality "
YR 2004 YR 2005
No. No. of % - No. No. of %

Age/spp.* Caught  mortalities Mortality Caught  mortalities Mortality
0+ KS 61,778 121 0.20 10,827 101 0.93
1+ KS 2 0 0.00 11 0 0.00
0+ SH** 18,642 : 44 0.24 1,345 21 1.56
1+ SH 6,371 2 0.03 2,033 20 0.84
2+ SH 907 0 0.00 ' 417 4 0.96
0+ CO 202 0 0.00 53 0 0.00
1+ CO 69 0 0.00 39 0 0.00
CT | 37 0 0.00 9 0 0.00
Total: 88,088. 167 019 14,734 146 1.00

* Age/spp abbreviation is the same as in Figure 2.
** Includes a small but unknown percentage of young of-year cutthroat trout.

Stream Temperatures

The average da11y (24 hr period) stream temperature from 4/19/05 — 8/26/05 was 15.58

°C (or 60.4 °F) (95% CI = 15.08 - 16.08 °C), with da11y averages ranging from 9.98 —

19.85 °C (50.0 — 67.7 °F). Median stream temperature in YR 2005 was 15.08 °C (59.1
-°F). The average daily (24 hr period) stream temperature from 4/04/04 — 7/27/04 was

15.50 °C (or 59.9 °F) (95% CI = 15.02 — 15.98 °C), with daily averages ranging from

10.16 — 19.47 °C (50.3 — 67.0 °F). Median stream temperature in YR 2004 was 15.79 °C

(60.4°F).

The average daily stream temperature in YR 2005 from 4/19/05 — 7/27/05 (truncated to
compare with YR 2004) was 14.69 °C (58.4 °F); and the average daily stream
temperature from 4/19/04 — 7/27/04 (truncated to compare with the truncated data of YR
2005) was 16.08 °C (60:9 °F). The median daily stream temperature (truncated) in YR
2005 (14.49 °C) was significantly lower than median daily stream temperature (truncated)
in YR 2004 (16.19 °C) (Kruskal-Wallis One Way ANOVA on Ranks, p = 0.0001).
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Average monthly stream temperatures during the majority of the trapping season (April —
July) in YR 2005 ranged from 11.5 — 18.5 °C (52.7 - 65.3 °F) (Table 27). In YR 2004,
average monthly stream temperatures during trapping ranged from 11.9 — 18.6 °C (53.4 -
65.5 °F) (Table 27). Highest stream temperatures occurred in the later part of the
trapping season (July or August) each study year. When comparing the months of April
— July or April - August among study years, no s1gn1ﬁcant drfferences were detected
(ANOVA, p > 0.05 for each test).

Table 27. Average monthly stream temperatures (C) during the majority of the
trapping periods in YR 2004 and YR 2005, lower Redwood Creek, Humboldt
County, CA. .

. _Average Stream Temperature (°C)
Month YR 2004 "YR 2005°

April - 11.92* . 11.49* .

May 14.66 12.82

June 16.78 ' ' 14.55

July 18.62* . . 18.51

_August - . 18.45* ‘
Average: 15.50 ' 15.16

* Measurements do not encompass entire month.

The maximum weekly average temperature (MWAT) and the maximum weekly

- maximum temperature occurred in July for both study years (Table 28). Truncated and
non-truncated data gave similar values whrch were nearly equal among study. years
(Table 28).
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Table 28. Maximum weekly average temperature (MWAT) and maximum weekly
maximum temperature (MWMT) for lower Redwood Creek stream temperatures
°C (°F in parentheses) in both study years, Humboldt County, CA.

MWMT***

. MWAT**
Year  Time period Date occurred °C (°F) Date occurred °C (°F)
2004 4/07 —7/24 7/22 19.2 (66.6) 7/18 22.2 (72.0)
2004*  4/22-7/24 7/22 19.2 (66.6) 7/18 22.2 (72.0) ‘
2005 4/22-8/23 717 19.3 (66.7) 717 22.1(71.8)
2005* 4/22-17/24 7/17 19.3 (66.7) 7/17 22.1(71.8)

*  Data truncated to same period of measurements for equal comparison among years.

** MWAT is the maximum value of a 7-day moving average of daily average stream temperatures.
*** MWMT is the maximum value of a 7-day moving average of daily maximum stream temperatures.

The average stream temperature (not truncated) in lower Redwood Creek significantly
increased over time (Correlation, r = 0.91, p = 0.000001, slope is positive, power = 1.0)
(Figure 28). The minimum stream temperature (not truncated) in YR 2005 equaled 8.99
°C (48.2 °F) and occurred on 4/19/05; the maximum stream temperature equaled 22.6 °C
(72.7 °F) and occurred on 7/18/05.

The average stream temperature during the study period in YR 2005 was inversely
related to the gage height of the stream at the trapping site. (Regresswn R2=0.82,p=
0.0000001, slope is negative, power = 1.0).

The average stream temperature in YR 2004 also increased over time [time was
transformed with log(x+1)] (Correlation, r = 0.88, p = 0.000001, power = 1.0) (Figure
29). Average daily stream temperatures in YR 2005 were lower than temperatures in YR
2004 from 4/27 — 6/29 (Figure 29); however, the median daily stream temperature during
the study period in YR 2004 (15.8 °C or 60.4 °F) was not significantly different than the
median in YR 2005 (15.1 °C or 59.2 °F) (non-truncated data, Kruskal-Wallis One-Way
'ANOVA on Ranks, p > 0.05). When using truncated data (to match measurement dates
among years; 4/19 — 7/27) the median daily stream temperature in YR 2004 (16.2 °C or
61.2 °F was significantly greater than the median in YR 2005 (14.5 °C or 58.1 °F)
(Kruskal-Wallis One-Way ANOVA on Ranks, p = 0.0001).
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Figure 28. Average, minimum, and maximum stream temperatures (Celsius) at the
trap site in lower Redwood Creek, Humboldt County, CA., 2005.
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Figure 29. Average daily stream temperatures in YR 2004 and YR 2005, lower
Redwood Creek, Humboldt County, CA.
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DISCUSSION

The main goal of our downstream migration study in lower Redwood Creek is to estimate
and monitor the production of Chinook salmon, steelhead trout, and coho salmon from
the majority of the Redwood Creek watershed in a reliable, long-term manner. The long
term goal is to monitor trends in smolt abundance and smolt size to detect positive or
negative changes due to watershed conditions and restoration activities in the basin.
Redwood Creek is a difficult, if not 1mposs1ble stream to monitor for adult salmon and
steelhead populations on a long term basis using traditional techniques (weirs and
“spawning ground surveys). However, “quantifying juvenile anadromous salmonid
populations as they migrate seaward is the most direct assessment of stock performance
in freshwater” (Seiler et al. 2004). In addition, studies in various streams have found that
smolt numbers can relate to stream habitat quality, watershed condition, restoration
activities, the number of parents that produced the cohort, and future adult populations.

The second consecutive year of trapping in lower Redwood Creek was a wet year, with
average precipitation and stream flow during the trapping period greater than the historic
and recent averages. Precipitation during the trapping period in YR 2005 (39.9 cm) was
1.7 times greater than the historic, average, and 3.9 times greater than rainfall during YR
2004. In response, the average stream flow in which we operated the trap was about 2
times greater than the historic average, and 4.2 times greater than the average in YR
2004. Average stream flow from April — July 2005 was the fourth highest in the 54 years
of record, and thus, the chance that a higher average flow will occur is about 5.6%. The

" increase in stream flow in YR 2005 probably led to cooler stream temperatures which in
turn lowered the average stream temperature compared to YR 2004. High stream flow in
YR 2005 also appeared to increase the summer base flow because we did not observe dry
sections in lower Redwood Creek as in YR 2004.

Although conditions for trapping in YR 2005 were difficult, we were able to operate the
“trap and run multiple efficiency trials over a range of trapping conditions to produce a
reliable catch and population estlmate for most species at age. The 17 days we originally
missed (from April 2" to April 18") prior to setting the trap in YR 2005 was estimated to
equal 3.4 — 13.0% of a given population estimate based upon data collected in YR 2004.
These percentages could be higher than what actually occurred during YR 2005 because
at the more extreme flow conditions (unlike YR 2004) it appears that juvenile salmonids
substantially decrease emigration as evidenced by trapping efforts in the upper basin.
The population estimate least affected by the lack of trapping the initial 17 days (on a
percent basis) was for 1+ steelhead trout, and the population estimate most affected was
for 1+ coho salmon. The 12 days we missed trapping (after trap deployment) did not
appear to greatly influence any total catch or population estimate except for 0+ steethead
trout and 1+ coho salmon. However, the catches during these 12 missed days were
estimated using linear regression techniques, and then added to a given stratum for
expansion to the population level (Roper and Scarnecchia 1999) to account for the
(estimated) number of missed fish. The corrected population estimate for a given species
at age fell within the 95% confidence interval for the uncorrected population point
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estimate; thus, the humber of fish missed when the trap was inoperable would not have
greatly impacted population estimates.

0+ Chinook Salmon

- 0+ Chinook salmon (ocean-type) were the most numerous migrant in both study years;
however, the population emigrating in YR 2005 was much lower (by 76%) than the
population emigrating in YR 2004. The reduction in population size we observed in YR
2005 could be due to: 1) decrease in the total number of spawners upstream of the trap
site, 2) high bedload mobilizing flows in early December which scoured or jostled redd
gravels, or 3) some combination of factors 1 and 2. Changes in spawner distributions are .
not likely responsible for the large decrease because Chinook salmon do not generally
spawn in mainstem areas below the trap, and the number of spawners in Prairie Creek
was not exceptionally large for that year. The large decrease in YR 2005 was probably
not due to the lack of trapping from 4/2 —4/18 because in YR 2004, only 10% of the
juvenile Chinook salmon population emigrated during this time period. Additionally,
few juveniles were captured from 4/19 — 4/31 in YR 2005.

Currently, we cannot separate effects of lower adult population size during years with
high, bedload mobilizing flows on the subsequent production of juveniles because adult
counts are not conducted. Several investigators have shown that the scour of redds due to
high stream flows or floods can often cause severe decreases in the production of juvenile
salmonids (Gangmark and Bakkala 1960, McNeil 1966, Holtby and Healey 1986,
Montgomery et al. 1996, Devries 1997, Schuett-Hames et al. 2000, Seiler et al. 2003,
Don Chapman pers. comm. 2003, Greene et al. 2005); and that estimates of mortality
attributable to high flows and redd scour can reach 90% (Schuett-Hames et al. 2000).
Greene et al. (2005) were able to show that the flood recurrence interval (and magnitude
of floods) during Chinook salmon intragravel development was the second most
important variable in their models used to predict the return rate of adult Chinook
salmon. They further report that “large flow events may be a key factor in regulating
Chinook salmon populations in the Skagit River basin, Washington” (Greene et al. 2005).
High flows during December 8™ (15,300 cfs) in Redwood Creek could have mobilized
(or jostled) redd gravels (Mary Ann Madej pers. comm. 2006) which would then cause
high egg mortality in the redd. This hypothesis is also relevant to populations upstream

* of the upper trap site (RM 33) because in two of the six study years, high bedload
mobilizing flows occurred during the spawning season and subsequent juvenile
production was severely reduced (Sparkman 2005). Adult Chinook salmon that spawned
upstream of the lower trap after the high flow events in YR 2005 would not be subjected
to the redd scour, and thus their progeny are more likely to be the survivors that made up
the majority of the juvenile Chinook salmon population estimate for YR 2005.

0+ Chinook salmon population emigration in YR 2005 peaked in July, and lacked a large
migration during June as in YR 2004 (N = 292,155). The two months within which the

majority of emigration occurred was June and July in YR 2005, and May and June in YR -
2004. Population emigration by week clearly showed that emigration in YR 2005 was
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delayed compared to YR 2004, with the peak in weekly emigration occurring four weeks
later than the peak in YR 2004. Weekly population emigration in YR 2004 and YR 2005
closely resembled the catch distribution each year. _

The 0+ Chinook salmon (ocean-type) emigrating from Redwood Creek exhibit two
different juvenile life histories (fry and fingerling) based on size and time of downstream
migration. The fry are migrating shortly after emergence from spawning redds, and
therefore are much smaller than the fingerlings which have reared in the stream for a
longer period of time. The emigration of 0+ Chinook salmon fry began near the onset of
trapping in both study years, peaked during 4/30 — 5/6 in YR 2005 and 4/9 — 4/22 in YR
2004, and decreased to relatively low values by 5/21 in YR 2005, compared to 4/23 in
YR 2004. Factors that can influence the temporal component to fry migration are: 1)
time of adult spawning, 2) how far upstream of the trap the adults spawned, 3) time from
egg deposition to fry emergence from redds, and 4) travel rate.

Post emergent fry migration is not unique to'Redwood Creek, and many other streams
experience migrations (sometimes in large numbers) of Chinook salmon fry as well
(Allen and Hassler 1986, Healey 1991, Taylor and Bradford 1993, Thedinga et al. 1994,
Bendock 1995, Roelofs and Klatte 1996, Meyer et al. 1998, Seiler et al. 2004, among
others). Myers el al. (1998) summarized that ocean-type Chinook salmon fry can migrate
immediately to-the ocean in sizes ranging from 30 — 45 mm FL. Healey (1980), Carl and
Healey (1984), Allen and Hassler (1986), and Healey (1991) also report that Chinook
salmon fry can immediately migrate downstream to the estuary and ocean. The reasons
why Chinook salmon fry migrate soon after emergence (or remain in the stream to grow
into fingerlings) are elusive, difficult to prove, and generally unknown (Healey 1991).
Healey (1991) covers the topic in much detail, and cites findings from authors who
attributed (or speculated) fry dispersal to: 1) passive migration, 2) flow increases, 3)
social interactions within species, 4) limits to rearing area (carrying capacity), 5)
interactions with other species, and 6) genetics. In contrast, Healey (1991) also cites
authors who reported no relationship between the number (or percentage) of fry and
stream discharge, stream temperature, and rearing capacity. To summarize, Healey
(1991) states that: 1) fry migration is a normal dispersal mechanism that helps re-
distribute fry within the river, 2) estuaries can provide important rearing areas for fry, 3)
fry are not ‘lost’ or surplus production, and 4) genotype may play an important role in fry
migration.. I used linear regression and six years of data from smolt trapping in upper
Redwood Creek to investigate any relationship between stream flow (surrogate for
habitat space), average stream temperature, and seasonal 0+ Chinook salmon population
estimate on the percentage of emigrants each year that were fry (Sparkman 2005). None
of the regression models were significant, and in fact, the regressions were highly non-
significant (p > 0.70); therefore, no relationships between measured habitat variables or
juvenile Chinook salmon population size on the percentage of fry in any given year were
detected (ie no density-dependent relationship existed). Thus, the mechanism for fry
dispersal from upper Redwood Creek was hypothesized to be largely genetic,anda
normal component of diversity in the Juvemle life hlstory of ocean-type Chinook salmon
-in upper Redwood Creek.
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Fingerlings have a much different migration pattern than fry as they migrate downstream
through lower Redwood Creek. Fingerlings migrated in low numbers in April, increased
in number over the emigration periods, and rather sharply decreased in number near the .
end of the emigration periods. The pattern of fingerling migration differed each year in
that peak emlgranon in YR 2005 was four weeks later than the peak in YR 2004; and
migration in YR 2005 reached low values in early August compared to mid Julyin YR
2004.

Fry and fingerlings also showed differences in the number and percent composition of
total juvenile Chinook salmon emigration, which varied from year to year. For example,
the percentage of juvenile Chinook salmon that migrated downstream as fry in YR 2004
(15%) and YR 2005 (1.6%) was much less than the percentage migrating downstream as
fingerlings in YR 2004 (85%) and YR 2005 (98.4%). Fingerlings were far more
abundant than fry each study year, with population abundance estimated as 427,306 in

- YR 2004 and 129,113 in YR 2005. Relatively larger numbers of fry were observed in
YR 2004 (N = 82,854), compared to YR 2005 (N = 2,052); however, these numbers were
still much less than the number of fingerlings.

The average size of 0+ Chinook salmon smolts in YR 2005 was markedly larger (by 14
mm and 2.6 g) than smolts in YR 2004, and may be related to a higher percentage of
fingerlings or the smaller population size observed in YR 2005. However, in 2005 I
found no statistical relationship between the overall percentage of fry or fingerlings in a
‘given population estimate emigrating from upper Redwood Creek and average size (n =
6), but did detect a significant negative relationship of yearly 0+ Chinook salmon
population emigration on average FL or Wt (Sparkman 2005). The negative relationship
between population size and size of the emigrant may indicate a density-dependent
relationship; with higher abundance and emigration, we see a decrease in the average FL
or Wt. The density-dependent relationship may suggest that rearing space or carrying
capacity (and food availability) upstream of the upper trap site was limiting the average
size of Chinook salmon juveniles at higher population abundances. This same type of
relationship could exist for juvenile Chinook salmon migrating through the majority of
the Redwood Creek basin as well. Future trapping efforts in the lower basin should be.
able to detect such a relationship if it exists. If habitat is limiting the size of smolts at
high abundances, successful watershed restoration in the basin should allow for the
juvenile Chinook salmon to gain a larger size during years of higher abundance.

The larger average size observed in YR 2005 will most likely not compensate (as a
compensatory, density-dependent effect) for the severe reduction in population
emigration in YR 2005. One explanation for not compensating the low numbers with
increased survival due to a larger average size (FL or Wt) for the 2005 cohort is found by

- examining the percentage of migrants in the fry and fingerling categories each study year.
Although the population of smolts in YR 2005 was on a percentage basis mostly
fingerlings, the number of fingerlings migrating in YR 2005 (N = 129,113) was much
less than in YR 2004 (N = 472,306). Thaus, the increase in the average size of fingerlings
observed in YR 2005 would have to compensate for 343,193 less ﬁngerlmgs mlgratmg to
the estuary and ocean compared to YR 2004. '
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Average weekly FL and Wt in YR 2005 and YR 2004 followed a similar pattern over
time of starting out low and then increasing through the end of the study periods. The
rather sharp increase in FL and' Wt by week in YR 2004 and YR 2005 was influenced by
the increasing percentage of fingerlings in the catch over time compared to fry. Unwin:
(1985) reported a similar finding in his trapping studies of ocean-type Chinook salmon

- juveniles in New Zealand. Average FL and Wt in YR 2005 from 6/10 onward was
markedly higher than in YR 2004, and by the end of the emigration period, 0+ Chinook
salmon were 23 mm and 5.6 g larger than emigrants at the end of the study in YR 2004.

_ The increase in weekly FL’s and Wt’s over time indicate growth was taking place within
the study periods. The rough or group estimate of growth in YR 2005 (0.37 mm/d and
0.07 g/d) was greater than growth in YR 2004 by about 0.07 mm/d and 0.04 g/d. The’
growth rate (FL) in both years fell within the range of juvenile Chinook salmon growth
rates (range = 0.21 — 0.64 mm/d) measured in other streams (Healey 1991, Bendock
1995). Healey (1991) reported that growth of juvenile Chinook salmon migrants in the
Sacramento River, CA equaled 0.33 mm/d during a partlcular study, and Bendock (1995)
determined growth to equal 0.64 mm/d in Deep Creek, Alaska. In accord with Healey
(1991), these group growth estimates should be viewed cautiously because we do not
know exactly how long fry and fingerlings have been residing in the stream after
emerging from redds. Although these growth rate estimates are for groups of fish and do
not necessarily represent individual growth rates, they do take into account a variety of
fish sizes and should be meaningful.

Both fry and fingerlings from upper Redwood Creek are actively moving downstream to
lower Redwood Creek and the estuary. In both study years, the lower trap in Redwood
Creek has captured marked efficiency trial fry and fingerlings from upper Redwood
Creek. In addition, Dave Anderson (pers. comm. 2005) has consistently captured marked
0+ Chinook salmon juveniles from upper and lower Redwood Creek in the estuary.

- The estimates of travel time (in days) for recaptured pit tagged 0+ Chinook salmon
smolts (n = 27) released at the upper trap site should be viewed as a maximum because
the lower trap caught these fish sometime prior to when the crew checks and empties the
livebox at 0900. For example, if a pit tagged fish was captured at 0200 and the crew
emptied the trap’s livebox at 0900, then travel time would be off by 7 hours. Travel time
may also be positively biased if the juveniles resided in the stream during daylight hours
and primarily migrated downstream at night (likely scenario). In contrast to travel time,
travel rate should be viewed as a minimum for similar reasons; the individual’s rate
would be higher than what was observed if they were captured prior to checking the
trap’s livebox, and higher if they primarily migrated at night. Nevertheless, our
experiments gave insight into individual juvenile Chinook salmon migration and growth
between the two trap sites, which in turn may reflect stream habitat conditions and/or the
salmon stock in Redwood Creek. '

The travel time for 0+ Chinook salmon smolts to migrate 29 miles downstream ranged
from 1.5 - 19.5 d, and averaged 7.5 d. On average, 0+ Chinook salmon moved
downstream to the lower trap in fewer days than 2+ steelhead trout (n = 7, range = 2 to 35
d, ave. = 13 d) and 1+ steelhead trout (n = 9, range =2 to 32 d, ave. = 15 d) in YR 2004
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(Sparkman 2004c). The travel time for 0+ Chinook salmon fingerlings (n = 27) to reach
the lower trap was not significantly related to: 1) the size of the migrant at time 1 or time
2, 2) stream temperature, or 3) stream discharge. The recapture of pit tagged 0+ Chinook
salmon per release group in YR 2005 was variable. For one release group (6/30/05), five
individuals were captured on the same day at the lower trap which suggests these fish
traveled together as a group. In contrast, for five separate release groups, multiple
recaptures from the same release group were captured on different days at the lower trap.
For example, five individuals from the 7/21 release group were recaptured at the lower -
trap anywhere from 4.5 — 19.5 d after release from the upper trap; these fish did not travel
as a group. ‘ '

Travel rate ranged from 1.5 - 19.3 mi/d (2.4 — 31.1 km/d), and averaged 8.2 miles per day
(13.2 km/d). Travel rate was weakly related to the size (FL or Wt) at time 1 (initial
release), such that with a greater initial size we observed a higher travel rate. Similar to
travel time, travel rate was not related to stream discharge, stream temperature, or fish
size at time 2 (p > 0.05). Healey (1991) gives results from a study in the Rogue River,
Oregon in which travel rate of spring Chinook salmon fingerlings was positively related
to fish size and stream discharge in one year, and negatively related to stream discharge
in the following year. Quinn (2005) reported that the rate at which 0+ Chinook salmon
traveled downstream in the Columbia River was positively related to size. The upper
range in travel rate (31.1 km/d) for Chinook salmon fingerlings in Redwood Creek was
higher than that observed in the upper Rogue River (24.0 km/d) (Healey 1991). The
average travel rate from upper Redwood Creek (13.2 km/d) was also higher than the
average (1.6 km/d) put forward by Allen and Hassler (1986). Unfortunately, there
appears to be a lack of data in the literature to compare individual travel time and travel
rate with data collected on juvenile Chinook salmon in Redwood Creek. Many of the
studies using pit tags with juvenile Chinook salmon are within the Columbia River
system, which for the most part is not comparable to Redwood Creek because Redwood
Creek is much smaller in size, does not have impoundments, and the stream flow is
unregulated, among other differences.

Individual growth was expressed using a variety of indices and equations to facilitate
comparisons with information found in the literature. The majority of studies appear to
report growth using one index or another which makes comparisons difficult if that
growth index is not used in a given study. Compounding the problem of comparing data
is the difficulty in finding studies that determined individual growth rates for 0+ Chinook
salmon fingerlings, and in un-regulated river systems (not counting estuarine studies). In
YR 2005, 52% of the 27 recaptured 0+ Chinook salmon fingerling smolts showed
positive growth in FL and Wt, 18% showed a decrease in Wt, 48% showed no change in
FL and 30% did not show a change in Wt...Absolute growth rate (FL) ranged from 0 -
0.67 mm/d, and averaged 0.22 mm/d. The average value (0.22 mm/d) is comparable to
the group growth rate for Chinook salmon fingerlings in the Nitinat River (0.21 mm/d),
British Columbia and about 2/3 less than the group growth rate determined in the
Cowichan River (0.62 mm/d), British Columbia (Healey 1991). The average value for
recaptured pit tagged fingerlings (0.22 mm/d) in Redwood Creek in YR 2005 was about
41% less than that calculated for fry and fingerlings in YR 2005 using the average
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weekly FL data (0.37 mm/d). However, the latter estimate is a group estimate, includes
fry (which may have a higher growth rate than fingerlings) and probably is not influenced
by zero growth like the average for the individual growth rates were. For example, the
absolute growth rate for Chinook salmon juveniles in Redwood Creek showing only
positive growth ranged from 0.19 - 0.67 mm/d and averaged 0.43 mm/d, which is fairly
close to the group estimate previously calculated (0.37 mm/d).

Eighteen percent (n = 5) of the recaptured pit tagged Chinook salmon lost weight
(absolute growth rate in g/d) from time of release to time of recapture (range =-0.19 to -
0.39 g/d, average = -0.29 g/d). Closer examination of data for these fish reveal that four
out of the five were released as a group on 6/30 and recaptured 1.5 d later; the fifth fish
_also had a travel time of 1.5 d. With such a short travel time, it is conceivable that these
fish might have had more food in their stomachs when released than when recaptured,
which could explain the apparent weight loss (loss of 0.3 — 0.6 g per fish). Alternative
explanations that could apply are: 1) these fish simply spent more time traveling
downstream and less time foraging for food and feeding, thereby losing weight, or 2)
crews at the upper or lower trap made measurement errors. The probability that the scale
malfunctioned was slight because field crews calibrated the scale each day prior to use.

The growth (positive, negative, and zero) of the 27 recaptured pit tagged 0+ Chinook
salmon was successfully modeled using linear regression. The best model for any growth .
1ndex included travel time as the independent variable (p ranged from 0.002 — 0.000001,
R’ ranged from 0.32 — 0.84, slope was positive for all tests); no significant relatlonshlps
were detected using stream discharge or stream temperature even though the range in
“values for each was fairly wide. Percent change in FL was positively related to travel .
time, and travel time explained 84% of the variation in growth; likewise, absolute growth
rate (FL) was positively related to travel time, which explained 69% of the variation in
growth. Thus, fish that took longer to reach the lower trap gained more length or weight
than fish that traveled the distance in a shorter amount of time. This in turn suggests fish
that took a longer amount of time to migrate downstream had more time to forage for
food, feed, and convert the food to growth. Beamer et al. (2004) found that the growth of
juvenile ocean-type Chinook salmon (in Skagit Bay) was positively related to the amount
- of time that the juvemles spent in the delta.

The final size of recaptured pit tagged Chinook salmon fingerlings was positively related
to the size at initial release (FL; p < 0.0001, R*> = 0.67, power =1.0). Sixty-seven percent
of the variation in the final FL was explained by the initial FL. Larger fish released at the
upper trap site (time 1) were, on average, larger at recapture (time 2) than smaller fish
released at the trap site and subsequently recaptured; likewise, smaller fish at time 1
were, on average, usually the smaller fish at time 2. The importance of this relationship
is that fish size at the upper trap (initial size) had a large impact on fish size when they
reached the lower trap (final size); the larger fish at the lower trap were more likely to
have been the larger fish at the upper trap. : '
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1+ Chinook Salmon

1+ juvenile Chinook salmon (stream-type) in Redwood Creek represent the third juvenile
Chinook salmon life history, and appear to be in very low abundance as evidenced by
trap catches in YR 2005 (n = 11) and YR 2004 (n = 2). Stream-type juvenile Chinook
salmon are easily differentiated from ocean-type by size at time of downstream
migration. The average juvenile FL in April 2005, for example, was 113 mm for 1+
Chinook salmon and 51 mm for 0+ Chinook salmon.

When present, 1+ Chinook salmon in Redwood Creek are more likely to be progeny of
fall/winter-run Chinook salmon adults than from spring-run adults (Stream type) because
few if any spring-run Chinook salmon are observed during spring and summer snorkel
surveys in Redwood Creek (Dave Anderson, pers. comm. 2004). For example, in 21
years of adult summer steelhead snorkel dives, adult spring Chinook salmon were only
observed in one year (1988) and in very low numbers (< 7 individuals) (Dave Anderson,
pers. comm. 2005). Additionally, stream flows during late spring/summer months can
become so low that adult upstream passage into upper Redwood Creek can become
problematic. High average stream temperatures (eg > 20 °C) may also prevent any adult
spring-run Chinook salmon migration into upper Redwood Creek, or inhibit their ability
to over-summer in pools. Thus, a spring run of Chinook salmon adults was probably not
responsible for the production of yearling Chinook salmon juveniles in Redwood Creek.
Bendock (1995) also found both stream-type and ocean-type juvenile Chinook salmon in
an Alaskan stream which only has one adult Chinook salmon race; and Conner et al.
(2005) reported that fall Chinook salmon in the Snake River produced juveniles
exhibiting an ocean-type or stream-type juvenile life history.

The 1+ Chinook salmon life history pattern may be important for increased ocean
survival of Chinook salmon juveniles, and general species diversity (Don Chapman pers.
comm. 2003, Sparkman 2005).

0+ Steelhead Trout

Relatively high catches of young-of-year steelhead trout by downstream migrant traps in
small and large streams is not uncommon (USFWS 2001, William Pinnix pers. com.
2003, Rowe 2003, Johnson 2004, Don Chapman pers. comm. 2004, Sparkman 2005).
Young-of-year steelhead trout downstream migration in Redwood Creek is considered to
be stream redistribution (passive and active) because juvenile steelhead in California
normally smolt and enter the ocean at one to two years old, with lesser numbers out-
migrating at an age of 3" years (Busby et al. 1996)

The capture of 0+ steelhead trout in YR 2005 was 93% less than catches in YR 2004 and
may reflect a change in the total number of adult spawners upstream of the trap site
and/or a simple change in the percentage of the total 0+ juveniles (each year) that
migrated downstream. The potential variable of trapping efficiency (not measured)
among study years would not account for the large decrease we observed in YR 2005
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because the trap was operated in the same manner as in YR 2004 (trap positioning, use of
weir panels, etc). '

The number of 0+ steelhead trout that can remain upstream of the trap site is considered
to be some function of a fish’s disposition to out-migrate (or not out-migrate) and habitat
carrying capacity. Meehan and Bjornn (1991) comment that juvenile steelhead trout have
a variety of migration patterns that can vary with local conditions, and that the trigger for
out-migration can be genetic or environmental. They further state that.some steelhead
populations normally out-migrate soon after emergence from redds to occupy other
rearing areas (we observe this as well in upper Redwood Creek). Habitat carrying
capacity is generally thought to be related to environmental (hydrology, geomorphology,
stream depth and discharge, stream temperatures, cover, sedimentation, etc) and
biological variables (food availability, predation, salmonid behavior), and any
interactions between the two (Murphy and Meehan 1991). The general idea is that when
habitat carrying capacity is exceeded (over-seeding), the juvenile fish emigrate to find.
other areas to rear. A problem with the view of habitat carrying capacity’s affect on
migration is that it fails to explain why juvenile fish emigrate at low densities or low
population levels. -

0+ steelhead trout migration in YR 2005 was markedly different than migration in YR
2004. The peak in migration in YR 2005 occurred during May and the peak in YR 2004
occurred in June. In addition, weekly migration during 5/20 — 7/22, 2005 was
considerably less than migration during this same time period in YR 2004.

The average FL in YR 2005 was about 1.5 mm greater than the average FL in YR 2004.
The increase in size of migrants in YR 2005 was substantiated by a growth rate (0.34 -
mm/d) that was about 0.05 mm/d greater than the growth rate in YR 2004. However,
these differences among years are un-likely to be biologically meaningful because of
being so small. Average weekly FL increased over time each study year and indicate
growth was taking place, which in turn suggests habitat conditions and the availability of
prey items were sufficient for growth. Average weekly FL’s during the first five weeks
of trapping in YR 2005 were dominated by emergent fry, compared to the first 3 weeks in
YR 2004. The rather sharp increase in weekly FL starting 5/21/2005 and 4/23/2004 was
probably influenced by the increasing percentage of parr in the catch compared to fry.

The 0+ steelhead trout captured by the lower trap indicate these fish are going to rear for
some time period in lower Redwood Creek, including the estuary. Dave Anderson (pers.
comm. 2005), for example, routinely captures young-of-year steelhead trout (and coho
salmon) in the estuary during summer and early fall sampling; thus, the condition of
lower Redwood Creek and the estuary can impact 0+ steelhead trout.

1+ Steelhead Trout

One-year old steelhead trout were the most numerous juvenile steelhead migrating
downstream in both study years. The ratio of 1+ steelhead trout to 0+ steelhead trout to
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2+ steelhead trout was 4:1:1 in YR 2004 and 4:0.2:1 in YR 2005. On a percentage basis,
1+ steelhead trout comprised 67 and 76% of total juvenile steelhead downstream
migration each study year. Population emigration in YR 2005 was 57% lower than
emigration in YR 2004. The apparent decrease in numbers in YR 2005 was not due to
the lack of trapping because only 3.4% of the population was estimated to emigrate from
4/2 — 4/18; and for the 12 days missed trapping, an estimated 3.9% (or 1,222 individuals)
of the total population size was missed due to trap non-deployment. The estimated
number of 1+ steelhead trout emigrating during the 12 days we missed trapping was
included in the population estimate, thus the remaining 3.4% emigrating from 4/2 — 4/18
would have had a negligible effect on the total population estimate for 1+ steelhead trout
in YR 2005. :

In addition to a decrease in population abundance in YR 2005, there were temporal
differences in migration. In YR 2003, slightly higher numbers of 1+ steelhead trout
emigrated in April; and in YR 2004, more 1+ steelhead trout emigrated during/May than
other months. The two most important months in YR 2005 were April and May,
compared to May and June for YR 2004. The pattern of emigration by week among the
* two study years was strikingly different. In YR 2005, migration was highest inthe
beginning of trapping, reached very low values during June to mid July, and then showed
a small increase in numbers followed by a decrease to the end of the study period (late
August). Weekly migration in YR 2004 showed a bell curve shaped pattern, such that
migration was low in the beginning of trapping, peaked near the middle of the trapping
period, and then decreased to the end of the study period with the exceptioniof a few
small increases on the descending limb of the curve. The peak in weekly population
emigration was also different each study year, such that the peak in YR 2005 was two
weeks earlier than the peak in YR 2004. Weekly population emigration in YR 2004 and
YR 2005 closely resembled the catch distribution each year.

The large decline in 1+ steelhead trout emigrating from 5/7 — 7/15 in YR 2005 caused the
population estimate to be much lower than the estimate for YR 2004; migration during
this time period in YR 2005 equaled 6,680 individuals (or 21% of total) compared to
61,229 (or 79% of total) in YR 2004. The variation in trapping efficiencies among years
during this time period cannot reasonably explain the large difference in numbers because
there was only a 3% difference in efficiency. Thus, the large decrease observed in YR
2005 was not due to trap operation, and more likely represented an actual difference
among years. This rationale also applies to the difference in total populatlon emigration
between YR 2004 and YR 2005.

The average size of 1+ steelhead trout mlgrants in YR 2005 (90.8 mm, 8.31 g) was about
6 mm and 1.3 g greater than the average for 1+ steelhead trout in YR 2004. The average
weekly FL and Wt in YR 2005 was significantly greater than weekly FL and Wtin YR
2004. The larger size of 1+ steelhead trout could be attributable to a lower'population
size, assuming a negative influence of population size on average FL and Wt (density-
dependence). However, for the past six consecutive years of trapping in the upper basin,
1 found that the average size of 1+ steelhead trout increased with increasing population
size; and then speculated that if stream conditions were favorable for survival, they could'

~
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also be favorable for growth (Sparkman 2005). Whether this will be true for 1+ steelhead
* migrating through lower Redwood Creek remains to be tested with more years of data
collection. :

The average FL and Wt over time (weeks) in both study years did not statistically change
over the study period. This is not too surprising when viewing graphical representations
of the data because in both years the size of 1+ steelhead trout started out relatively low,
increased to reach a maximum, and then decreased to values nearly equal to the starting
size. The increase in size near the middle of the trapping period warrants further
investigation, such as an evaluation of diet and stomach contents. There may also be a
relationship of increased food abundance (insects, Chinook salmon and steelhead trout
fry, etc) for migrants during this time period. Warmer stream temperatures, w1th1n the
normal range for growth, may also play a role.

Information in the literature indicates that steelhead smolting at age 1 is not uncommon,
particularly in streams that are south of British Columbia (Quinn 2005, Busby et al.
1996). The percentage of 1+ steelhead trout showing parr characteristics in Redwood
Creek was very low each study year (0.2%), and indicates that few 1+ steelhead trout
migrated downstream in a stream-residence form (parr). In contrast, the majority of 1+
steelhead trout were emigrating in a smolt stage. The percentage of 1+ steelhead trout
showing smolt characteristics in YR 2005 (86%) was greater than the percentage in YR
2004 (68%). ‘This difference is likely to be real because between-observer variation was
minimized in three different ways: 1) each crew member used the same protocol, 2) each
crew member was thoroughly trained and tested, and 3) most of the crew members had
worked on this study the previous year.  In my report on trapping in upper Redwood
Creek in YR 2005 (Sparkman 2005), I was able to statistically show that the percentage
of 1+ steelhead trout showing smolt characteristics each year (n = 6) was negatively
related to average stream temperature and positively related to average stream discharge
during the trapping periods. Thus, more 1+ steelhead trout were in a smolt stage during
years with colder temperatures and higher stream discharge. Whether this will be true for
1+ steelhead trout migrating through lower Redwood Creek remains to be seen. Quinn.
(2005) reported that both photo period and steam temperature play important roles in
smoltification by providing an external stimulus for the endocrine system, which in turn
drives the internal physiological changes necessary for smoltification.

1+ steelhead trout are actively migrating from the upper basin to the lower basin and
estuary, as evidenced by trap catches in lower Redwood Creek of efficiency trial fish,
elastomer marked fish, and pit tagged fish released from the upper trap. The marked 1+
steelhead trout emigrating from upper Redwood Creek and through lower Redwood
Creek have also been captured in the estuary (Dave Anderson, pers. comm. 2005) since
the beginning of our smolt trapping studies. The time required for 1+ steelhead trout to
travel the 29 miles from the upper trap to the lower trap (n = 5) in YR 2005 ranged from
2 —-354d, and averaged 12.4 d. These values were close to the 1+ steelhead trout travel
time determined in YR 2004 (n =9, ranged from 2 — 32 d, average = 14.9 d). Travel rate
(mi/d) in YR 2005 ranged from 0.8 — 14.5 mi/d and averaged 5.8 mi/d; in YR 2004 travel
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rate ranged from 0.9 — 14.9 mi/d, and averaged 4.3 mi/d. Thus, 1+ steelhead trout on
average, traveled at a higher rate in YR 2005 compared to YR 2004.

As previously mentioned, far more 1+ steelhead trout emigrated past the lower trap than
other juvenile steelhead age-classes (0+, 2+). 1+ steelhead trout downstream migration is
not unique to Redwood Creek, and other downstream migration studies have routinely
documented 1+ steelhead trout emigration (USWFW 2001, Ward et al. 2002, Johnson
2004; among many others). However, the ratio of 1+ steelhead trout to 2+ steelhead trout
(4:1 in both years) in Redwood Creek was much different than that determined in a
nearby river (Mad River). In 2002, I reported that for two years of smolt trapping in the
Mad River, the ratio of 1+ steelhead trout to 2+ steelhead trout equaled 1:6 (YR 2001)
and 1:3 (YR 2002) (Sparkman 2002). The variability in trap locations among streams
(Redwood Cr RM 4, Mad River RM 12.5) would probably not account for these
differences.

Based upon studies in other streams, the number of returning adult'steelhead trout that
migrated to the ocean as one-year-old smolts is relatively low, and usually less than 29%
(Pautzke and Meigs 1941, Maher and Larkin 1955, Busby et al. 1996, McCubbing 2002).
Based upon a limited number of scale samples from adult steelhead trout (n = 10)
collected in Redwood Creek, 30% of the adults entered the ocean as one-year-old
juveniles. The most successful juvenile steelhead migrants to reach adulthood were 2+
steelhead trout. Therefore, the reason(s) for the large number of 1+ steelhead trout
emigrating from the basin of Redwood Creek warrants further investigation. Pit tagglng
1+ steelhead smolts should provide useful insights when conducted over multiple,
consecutive years because if most of the 1+ steelhead.trout are not actually entering the
ocean, we should thenbe able to recapture a given percentage of those fish the following
year with the rotary screw trap in lower Redwood Creek and seine nets in the estuary; if
we fail to recapture any of the marked 1+ steelhead trout the following year, then a
logical conclusion would be that the fish either stayed in the stream and suffered severe
mortality during winter, actually entered the ocean, or some combination of the two
factors.

2+ Steélhead Trout

In several studies investigating steelhead life histories, the rnajonty of the returning adult
steethead spent two or more years as _]uvemles in freshwater prior to ocean entry (Pautzke
and Meigs 1941, Maher and Larkin 1955, Busby et al. 1996, Smith and Ward 2000,
McCubbing 2002). Pautzke and Meigs (1941), for example, reported that 84% of
returning adult steelhead in the Green River had spent two or more years as juveniles in
freshwater. Maher and Larkin (1955) found that 98% of the adult steelhead they
examined had spert two or more years in freshwater prior to entering the ocean, and
McCubbing (2002) reported 92% of steelhead adults in a British Columbia stream had
spent two or more years as juveniles in freshwater. If this applies to steelhead trout in
Redwood Creek, then 2+ steelhead trout are the most important (and most direct) group
of juvenile steelhead trout that contribute to future adult steelhead trout populations. The
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paradox for the 2+ steelhead trout smolt in Redwood Creek is that it was far less
abundant than 1+ steelhead trout smolts in both study years.

The population of 2+ steelhead trout smolts in YR 2005 was about 55% lower than the
estimate in YR 2004. Similar to 0+ Chinook salmon and 1+ steelhead trout, the large
decrease in numbers observed in YR 2005 was not due to the lack of trapping because
11% of the population was estimated to emigrate from 4/2 — 4/18. Eleven percent of the
population expected to be missed would equal about 963 fish. The estimated number of .
2+ steelhead trout emigrating during the 12 days we missed trapping was included in the
population estimate, thus the remaining 11% emigrating prior to trap placement would
have a negligible influence on population size. In addition, the 95% confidence interval
for the YR 2005 estimate would encompass the 11% if added to the population estimate.
Confidence intervals (and percent error) for 2+ steelhead trout population estimates were
larger than the 95% confidence intervals for 1+ steelhead trout because: 1) 2+ steelhead
trout are typically harder to catch than younger age-classes of steelhead trout, and 2)
sample size for marking and subsequent recapture was low. During the trapping period
we routinely adjust trap configuration and install weir panels to increase the capture
efficiency of 2+ steelhead trout. Additionally, we perform numerous mark/recapture
trials, and when combined with altering trap configuration and paneling, are able to
produce a fairly reliable population estimate.

2+ steelhead trout migrated through lower Redwood Creek in higher numbers in May
during both study years. However, the two most important months for emigration were
April and May for YR 2005, and May and June for YR 2004. Migration in both study
years dropped to very low values after mid June, with the exception of a few small peaks.

The weekly migration of 2+ steelhead trout at the population level in YR 2005 was
positively influenced by stream discharge and stream gage height, and negatively related
to trapping week number. Thus, more 2+ steelhead trout migrated during times when the
stream flow was moderately high and stream temperatures were relatively cool.

However, like other juvenile salmonids in Redwood Creek, they seem to substantially
decrease migration during periods of high and turbid stream flow. A likely explanation is
that the juvenile salmonids simply find refuge during high stream flow events. 2+
steelhead trout emigrating from the upper basin in YR 2005 also showed this migration
pattern with respect to stream flow, gage height, and trapping week number (Sparkman
2005). The pattern of emigration by week among the study years was obviously
different. In YR 2005, migration was highest during the first half of the study period, and
from June 11" onward, was relatively low. In YR 2004, the pattern of migration
approximated a bell curve shaped pattern, with the exception that emigration during the
first three weeks was higher than the fourth week. Similar to YR 2005, migration from
mid June onward in YR 2004 was much less than emigration during the first half of the
study period. Weekly peaks in emigration occurred during the same time period each
study year (4/30 — 5/6). Weekly population emigration in YR 2004 and YR 2005 also
closely resembled the catch distribution each year.

78




Weekly migration through lower Redwood Creek in YR 2005 lacked a large number of
migrants from 5/7 — 5/27 compared to migration in YR 2004. For example, the 2+
steelhead trout smolt population that emigrated during this time period equaled 7,365 (or
38% of total) in YR 2004 compared to 985 (or 11% of total) in YR 2005. The variation
in trapping efficiencies among years during this time period cannot reasonably'explain
the large difference in numbers because there was only a 1% difference in trapping
efficiency. Thus, the large decrease observed in YR 2005 was not due to trap operation,
and more likely represented an actual difference in population emigration among years.
The pattern of 2+ steelhead trout migration by week in YR 2005 was markedly similar to
the pattern for 1+ steelhead trout in YR 2005, and may indicate that these fish travel
together in schools. Data collected at the upper trap also shows that the two age classes
appear to have very similar weekly migration patterns (Sparkman 2005).

The average fork length of 2+ steelthead smolts in YR 2005 (143.2 mm) was about 1 mm
less than the average in YR 2004, and average weight in YR 2005 (31.25 g) was about
0.6 g less than the average in YR 2004. The average weekly FL and Wt in YR 2005 was
not significantly different than the averages in YR 2004. The pattern of average weekly
FL and Wt in YR 2005 was similar to YR'2004 in that values were relatively high in the
beginning of trapping, decreased in value to the middle of trapping, and then increased in
value to the end of the study period. However, average weekly FL and Wt significantly
changed over time in YR 2004 but not in YR 2005. These results are not surprising when
examining graphical representations of the data because the starting values in YR 2004
were greater than the ending values; and in YR 2005, the starting values were about the
same as the ending values. 2+ steelhead trout smolts emigrating from upper Redwood -
Creek in YR 2005 showed the same pattern in FL and Wt over time as 2+ steelhead trout .
emigrating through lower Redwood Creek in YR 2005 (Sparkman 2005).

The percentage of 2+ steelhead trout emigrants showing smolt characteristics:in YR 2005
(98%) was greater than YR 2004 (94% were smolts). The number of parr designations
was zero each year, and indicated that 2+ steelhead trout did not emigrate through lower
Redwood Creek in a stream-resident form (parr). My analysis of trapping data in upper
Redwood Creek showed that the 2+ steelhead trout smolt index was negatively related to
2+ steelhead trout population size, and negatively related to average stream temperature
during the study period (Sparkman 2005). Whether this will be true for 2+ steelhead
trout populations emigrating through lower Redwood Creek remains to be tested.

2+ steelhead trout are actively emigrating from upper Redwood Creek because the lower
trap in Redwood Creek (RM 4) has consistently captured efficiency trial fish and
elastomer marked fish released from the upper trap site in both years of operation.
Additionally, 2+ steelhead trout from upper Redwood Creek have been observed in the
estuary of Redwood Creek every year since the beginning of our smolt trapping studies
(Dave Anderson, pers. comm. 2005). The time required for one 2+ steelhead trout
released from upper Redwood Creek to travel to the trap in lower Redwood Creek
equaled 7 d in YR 2005. In YR 2004, the time required to travel from the upper trap to
the lower trap ranged from 2 — 35 d, and averaged 13 d. Future trapping efforts will try
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to increase the sample size of recaptured 2+ steelhead trout for travel time experiments by
increasing the sample size of releases from the upper trapping site.

Although there seems to be few studies that specifically look at steelhead smolt to adult
survival, steelhead life history studies in a British Columbia stream (Keogh River) show
there is a positive linear relationship between out-migrating 2+ smolts and returning adult
steelhead (Ward and Slaney 1988, Ward 2000, Ward et al. 2002). Ward (2000) cites
other authors who report similar positive linear relationships between smolts and adults
along the British Columbia coast as well (eg Smith and Ward 2000). Survival from smoit
to adult can be variable, and may range from an average of 15% (during 1976-1989) to an
average of 3.5% (during 1990-1995) (Ward 2000). Ward and Slaney (1988), reporting on
data from the Keogh River for 1978 — 1982 cohorts, determined survival from smolt to
adult ranged from 7% to 26%, and averaged 16%. Meehan and Bjornn (1991) reported

- steelhead smolt to returning adult survival can be a relative high ranging from 10 — 20%
in streams that are coastal to a low survival of 2% in streams where steelhead must

~ overcome dams and travel long distances to reach spawning grounds. It is difficult to
make specific inferences about 2+ steelhead smolt to adult survival for Redwood Creek
steelhead based upon successful studies in the literature because of differences in
latitude/longitude, geography, ocean conditions (physical and biological), estuaries, and
trap locations in the watershed. However, the belief that the number of 2+ smolts relate
to future adults (and watershed conditions) is hard to dismiss or invalidate.

With respect to younger juvenile stages (0+ and 1+), the 2+ steelhead smolt is the best
candidate for assessing steelhead status, trends, and abundance when information on
adult steelhead is unavailable or un-attainable. 2+ steelhead trout have overcome the
numerous components of stream survival that younger steelhead (0+ and 1+) have not yet
completely faced (over-summer, over-winter, etc), and 2+ steelhead smolts are also the
most direct recruit to adult steelhead populations. Along these same lines, Ward et al.
(2003) reported that the 2+ steelhead smolt was a more reliable response variable with
respect to stream restoration than late summer juvenile densities because of being less
variable.

Cl_ltthroat Trout

A low number of cutthroat trout were captured in both study years relative to other
juvenile salmonid species. Catches in YR 2004, for example, equaled 37 and catches in
YR 2005 equaled 9. Cutthroat trout were caught in six of 19 total weeks of trap operation
in YR 20035, with no discernable peak in weekly catches. In contrast, cutthroat trout
catches in YR 2004 peaked during 5/14 — 5/20.

All cutthroat trout that were captured were in a smolt stage. An unknown number or
percentage of cutthroat trout will residualize in the stream for varying years, and not out-
migrate to the estuary and ocean; thus the low trap catches may not necessarily reflect a
low population size in Redwood Creek. However, if there were large numbers present,
we would probably catch much more than we do, as they re-distribute or migrate
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downstream. For example, juvenile salmonid trapping efforts in Prairie Creek
consistently capture hundreds of cutthroat trout during spring/early summer as they
migrate downstream (Roelofs and Klatte 1996, Roelofs and Sparkman 1999, Walt Duffy,
pers. comm. 2003).

We did not consider any of the young-of-year steelhead trout to be progeny of cutthroat
trout because few aged 1 and older cutthroat trout were captured in any given year. Far
more older juvenile steelhead trout (1+ and 2+) migrated through lower Redwood Creek
than cutthroat trout as evidenced by trap catches. In the two study years, for example, the
ratio of 1+ and 2+ steelhead trout combined’ catches to cutthroat trout catches each year
equaled 197:1 and 272:1, and using all data equaled 211:1. Ratios would be even higher
if juvenile steelhead trout population data were used instead of catch data, and it seems
very unlikely that low numbers of cutthroat trout could produce a significant portion of
the juvenile trout captures. Therefore, we considered the percentage of 0+ cutthroat trout
included in the O+ steelhead trout catch to be low and negligible. '

‘We used three characteristics to identify coastal cutthroat trout: upper maxillary that
extends past the posterior portion of the eye, slash marks on the lower jaws, and hyoid
teeth; spotting is also usually more abundant on cutthroat trout. Hybrid juveniles, the
product of mating between steelhead trout and cutthroat trout, are commonly noted to be
missing one or two of these characters. We have not observed any hybrids in the two
years of study, and based upon visual identification, the number of potential hybrids (age
1 and greater) is extremely rare in Redwood Creek. '

0+ Pink Salmon

Pink salmon in California are recognized as a “Species of Special Concern”, and
California is recognized as the most southern border for the species (CDFG 1995). -
Although not in large numbers, pink salmon have been historically observed in the San
Lorenzo River, Sacramento River and tributaries, Klamath River, Garcia River, Ten Mile
River, Lagunitas River, Russian River, American River, Mad River, and once in Prairie
Creek, which is tributary to Redwood Creek at RM 3.7. Pink salmon were observed
spawning in the Garcia River in 1937, and the Russian River in 1955 (CDFG 1995).

More recently, adult pink salmon were seen spawning in the Garcia River in 2003 (Scott
Monday pers. comm. 2004) and in Lost Man Creek (tributary to Prairie Creek) in 2004
(Baker Holden, pers. comm. 2005). ‘

I know of no historic records or anecdotal information documenting pink salmon
presence in the mainstem of Redwood Creek prior to our downstream migrati'on trapping
efforts. The pink salmon in Redwood Creek are in very low numbers, and prior to study
year 2005, were only caught in even numbered years (e.g. YR 2000, YR 2002, and YR
2004) at the upper trap site. The two individuals caught in lower Redwood Creek in YR
2005 may indicate that pink salmon are now spawning upstream of the trap site in even
and odd numbered years. ‘ ' ' '
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It is hard to say if the parents of the pink salmon were stays or remnants of a historic run
because so little information exists about adult salmon in Redwood Creek. According to
the Habitat Conservation Planning Branch (HCPB) of CDFG, pink salmon are considered
to be “probably extinct” in California (CDFG 1995). However, the HCPB does state that
“more efforts need to be conducted to prove (or disprove) that reproducing populations
exist anywhere in California” (CDFG 1995). Based upon our trapping data, it appears
that pink salmon are present in Redwood Creek and reproducing, albeit in low numbers.

Coho Salmon
0+ Coho Salmon

Few 0+ coho salmon were captured by the lower trap in either study year (YR 2004, n =

- 202; YR 2005, n = 53). 0+ coho salmon catches at the lower trap occurred in every
month of trap operation, and for both study years, more were captured in July than other
months. The two most important months for emigration was May and July for YR 2004
and June and July for YR 2005. The low catches of 0+ coho salmon in lower Redwood
Creek is contrasted by often high catches in Prairie Creek. For example, trap catches of
0+ coho salmon in Prairie Creek from 1996 — 1998 ranged from-a low of 372 to a high of
25,492, and averaged 9,659 per trapping season (Roelofs and Sparkman 1999). 0+ coho
salmon catches at the lower trap indicate that these fish were moving downstream to rear.
If the young-of-year coho do not move into Prairie Creek, then they must be moving
downstream to the estuary. Thus, lower Redwood Creek and the estuary may serve as an
important place for young-of-year coho salmon to rear.

1+ Coho Salmon

Low numbers of one plus-year-old coho salmon were caught at the lower trap in both
study years (YR 2004, n = 69; YR 2005, n = 39) prior to mid June; no catches occurred
after June 17™. Similar to 0+ coho salmon, the low catches of 1+ coho salmon in lower
Redwood Creek is contrasted by much higher catches in Prairie Creek. For example, trap
catches of 1+ coho salmon in Prairie Creek from 1996 — 1999 ranged from 1,475 — 2,302,
and averaged 1,965 per trapping season (Roelofs and Sparkman 1999).

I did not calculate a 1+ coho salmon population estimate using 1+ coho salmon
mark/recapture data in YR 2004 because I originally expected a very poor estimate based
upon a low number of marked releases and subsequent recaptures. However, I re-
calculated the estimate for YR 2004 in YR 2005 to compare with the mark/recapture
based estimate determined in YR 2005, and discovered that the population estimate
wasn’t as bad as originally thought. However, the estimated error for population o
" estimates in both study years was high (63% for YR 2004, 69% for YR 2005), which is
most likely due to small sample sizes for mark/recapture experiments. The lack of
trapping the initial 19 days in YR 2005 was estimated to affect the 1+ coho salmon
population estimate (26% of total) more than other species at age, however, it is unlikely
that enough fish were missed to allow the point estimate to fall outside of the rather wide

82




95% CI. The population estimates I determined for 1+ coho salmon should be viewed
cautiously, and the proper context could be that we are 95% sure that the population
during either study year was less than 900 individuals (upper 95%CI for YR 2004
estimate). Population emigration of less than 900 individuals can be considered very low
(alarmingly so), particularly for a stream the size of Redwood Creek.

1+ coho salmon emigrated in higher numbers in May during both study periods compared
to other months. In YR 2004, for example, an estimated 70% of the total migrated in
May, and in YR 2005, an estimated 69% of the total migrated in May; population
emigration was basically over by the end of May. The two most important months for
migration occurred in April and May for both study years, and the peak in weekly
emigration in YR 2005 was one week later than the peak in YR 2004. Weekly
population emigration in YR 2004 and YR 2005 closely resembled the catch distribution
each year.

The reason(s) for the lack of sufficient numbers of 1+ coho salmon em1grat1ng from
Redwood Creek warrants further study.

CONCLUSIONS

' The migration of juvenile salmonids from the majority of the Redwood Creek basin in
YR 2005 was much lower than emigration in YR 2004 for all species at age. 0+ Chinook
salmon experienced the greatest reduction (76%) in population size. The reduction could
be attributable to high winter flows which either scoured or jostled redd gravels in early
December, a simple decrease in the number of adult spawners upstream of the trap site,
or a combination of the two factors. Higher numbers of 0+ Chinook salmon migrated
through lower Redwood Creek in June in YR 2004, compared to July in YR 2005. The
population of 0+ Chinook salmon emigrants in YRS 2004 and 2005 consisted of both fry
and fingerlings, with fingerlings comprising the majority of the migrants. The average
size of 0+ Chinook salmon migrants in YR 2005 was considerably larger than the average
size in YR 2004, and could be a function of decreased population size or higher average
size of fingerlings observed in YR 2005. The average size by week in both study years
increased over the duration of the study period, and indicates that growth occurred. Both
0+ Chinook salmon fry and fingerlings from upper Redwood Creek are migrating -
downstream to lower Redwood Creek and the estuary. Travel time and growth
experiments of pit tagged 0+ Chinook salmon released in upper Redwood Creek and
recaptured in lower Redwood Creek were successful. Travel time ranged from 1.5 - 19.5
d, and averaged 7.5 d. Travel rate ranged from 1.5 —.19.3 mi/d, and averaged 8.2 mi/d.
Travel rate was positively related, albeit weakly, to fish size at Time 1, whereas no
statistical relationships of independent variables could be found with travel time (except
the positive relationship with growth). 0+ Chinook salmon fingerlings, on average,
traveled from upper Redwood Creek to lower Redwood Creek in less days than 1+ or 2+
steelhead trout in YR 2004 and YR 2005. Fifty-two percent of the downstream migrating
pit tagged 0+ Chinook salmon showed growth (FL, Wt), 18% showed a decrease in Wt,
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48% showed no change in FL, and 30% showed no change in Wt. Growth was positively
related to travel time and negatively related to travel rate. Thus, fish that took longer to
reach the lower trap gained more FL and Wt than fish that traveled the distance in less
amount of time. The final size of recaptured pit tagged 0+ Chinook salmon was
positively related to the initial size at tagging. The importance of this relationship is that
fish size at the upper trap (initial size) had a large impact on fish size at the lower trap
(final size); larger fish recaptured at the lower trap were more likely to have been the
larger fish released at the upper trap. '

0+ steelhead trout were captured in each week of the trapping period in both study years;
however, very few 0+ steelhead trout were captured in YR 2005 compared with YR
2004. The difference in catch between years was an order of magnitude. Most of the 0+
steelhead trout were captured in June and July in YR 2004, compared to May and July in
YR 2005. -‘Migration during 5/20 — 7/22 was considerably less in YR 2005 compared to
YR 2004. Average weekly FL’s during the first three weeks of trapping in YR 2004
were dominated by emergent fry, compared to the first five weeks in YR 2005. Average
weekly FL increased over the study period each year, and indicated that growth occurred.
Sharp increases in FL over time in both years were probably influenced by the increasing
percentage of parr in the catch compared to fry. Catches of 0+ steelhead trout in lower

'Redwood Creek indicate that these fish are going to rear for some time period in lower
Redwood Creek and the estuary; thus, the condition of these habitats can impact 0+
steelhead trout. : '

1+ steelhead trout were the most numerous juvenile steelhead trout migrating
downstream in both study years. Population emigration in YR 2005 was 57% lower than
emigration in YR 2004. The large decline observed in YR 2005 was attributable to very
low emigration (N = 6,680) during 5/7 — 7/15 which accounted for only 21% of total
emigration. Emigration during this time period in YR 2004 equaled 61,229 individuals
or 79% of the total for that year. The average size of 1+ steelhead migrants in YR 2005
was significantly greater than in YR 2004, and the pattern in average FL and Wt over
time was fairly similar between study years. The percentage of 1+ steelhead trout
showing smolt characteristics was higher in YR 2005 (86%) than YR 2004 (68%), and
could be related to differences in stream discharge and water temperature among years.
1+ steelhead trout are actively migrating from upper Redwood Creek to lower Redwood
Creek and the estuary based upon various recaptures of marked fish released from upper
Redwood Creek. The time required for 1+ steelhead trout to travel the 29 miles between
traps in YR 2005 averaged 12.4 d, which was close to the average value (14.9 d)
determined in YR 2004. Travel rate averaged 5.8 mi/d in YR 2005, compared to 4.3 mi/d
in YR 2004; thus, 1+ steelhead trout, on average, traveled the distance in a shorter
amount of time in YR 2005 compared to YR 2004. The large number of 1+ steelhead
trout emigrants compared to 2+ steelhead trout emigrants warrants further study,
particularly if the majority of returning adult steelhead spend two years in freshwater

' prior to oceéan entry.

2+ steelhead trout are probably the most important group of juvenile steelhead trout that
contribute to adult steelhead trout populations in Redwood Creek. However, as '
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previously mentioned, the paradox is that 2+ steelhead trout are much less numerous than
1+ steelhead trout. The ratio, for example, of 2+ steelhead trout to 1+ steelhead trout
equaled 1:4 in both study years. The population of 2+ steelhead trout smolts in YR 2005
was 55% lower than emigration in YR 2004. The large decrease in numbers observed in
YR 2005 could be attributed to very low emigration during 5/7 — 5/27, which in YR 2004
was-a period of considerable migration (7,365 smolts, or 38% of the population). The
most important month for emigration in both study years occurred in May, and migration
beyond mid June was low in each study year. The pattern of 2+ steelhead trout weekly
migration was strikingly similar to 1+ steelhead trout migration, and may indicate that
both age classes traveled together as a group. The average size of 2+ steelhead trout in
YR 2005 was slightly lower than the average size in YR 2004. Patterns of average FL
and Wt over time (week) were similar among study years. Experiments of travel time
and growth of 2+ steelhead trout marked and released in upper Redwood Creek and
recaptured in lower Redwood Creek were unsuccessful, mainly due to low sample size
and low recapture probability for marked releases. Future trapping efforts will try to
increase the sample size of recaptured 2+ steelhead trout for travel time and growth
experiments by increasing the sample size of marked releases from the upper trapping
site. :

Few cutthroat trout were captured in either study year relative to other juvenile
salmonids, and therefore are considered to be in low abundance in Redwood Creek.
However, additional sampling methods are warranted to further investigate cutthroat trout
population size, status, and distribution in Redwood Creek.

Juvenile pink salmon were captured in lower Redwood Creek in YR 2005 in very low
numbers (n =2). However, prior to our work in Redwood Creek, no known or recorded
observation(s) existed. Thus, downstream migrant trapping proved useful for showing
‘that pink salmon, albeit in"low numbers, are present in Redwood Creek.

Both 0+ and 1+ coho salmon migrants were in very low abundance in both study years.
0+ coho salmon were mostly captured towards the end of the study period, and contrasts
the capture of 1+ coho salmon which occurred during the first two months of the study
period. The migration of 1+ coho salmon ceased after June 10™ in YR 2004 and May
27" in YR 2005. 1+ coho salmon smolts, at the population level, equaled 535 in YR
2004 compared to 183 in YR 2005. Although the point estimates had considerable error,
the fact that few 1+ coho salmon smolts emigrated from the majority of the Redwood
Creek basin upstream of Prairie Creek was apparent. Prairie Creek appears to be a very
important stronghold for coho salmon populations in the Redwood Creek basin.

RECOMMENDATIONS

This study is one of the few studies that 1s designed to document smolt abundance and
population trends of the California Coastal Chinook salmon ESU, Southern
Oregon/Northern California Coasts Coho salmon ESU, and Northern California
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Steelhead Trout ESU over a relatively, long time period.  With respect to the Chinook
salmon ESU, this study might be the only one that provides population data for a
relatively large stream.

[}

The most important recommendation to make is to continue the study over multiple
consecutive years (10+) in order to: :

1. Collect base line data for future comparisons.

2. Detect changes in population abundance which can be used to assess the status
and trends of Chinook salmon, steelhead trout, and coho salmon in Redwood
Creek.

3. Detect any fish response (populatlon smolt size, etc) to stream and watershed
restoratlon : i

4. - Help focus habitat restoration efforts and needs in the basin.
5. Offer data for comparison with other downstream migration smolt studies.

This study, when combined with juvenile salmonid smolt monitoring in the upper basin
and the estuary will also help determine potential bottlenecks to anadromous salmonid
production in Redwood Creek.
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Appendix 1. Comparison of 19 year average monthly precipitation with nionthly
precipitation in WY 2004 and WY 2005, lower Redwood Creek, Orick, CA.
(USGS 2005). f

_ ' Monthly Precipitation (cm)
Month Historic WY 2004 WY 2005

October 6.5 0.8 14.4
November 17.2 16.5 3 5.1
December . 25.8 35.8 19.2
January 25.9 21.0 ' 15.5
February 17.3 26.3 4.1
March 17.6 5.9 20.3
April . 12.6 7.1 17.6
May 7.8 24 15.3
June 3.3 0.5 7.0
July 0.4 0.1 0.0
August . ' 0.9 . 1.8 ‘ 0.0
September 1.5 0.7 0.2
Total: 136.8 119.0 118.8

Average: 11.4 ' 9.9 9.9

Monthly Precipitation (cm) in lower Redwood Creek, Orick,
CA. (USGS 2005)
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Appendix 2. Comparison of 54 year average monthly dlscharge (cfs) with average .
monthly discharge in WY 2004 and WY 2005, Orick gaglng station (#11482500),
lower Redwood Creek (USGS 2005).

Monthly Stream Discharge (cfs)

Month Historic WY 2004 WY 2005
October 141 8 ' 111
November 982 90 74
December 2,131 2,526 1,223
January 2,496 2,356 1,749
February . 2,170 - 3113 638
March 1,885 1,050 1,379
April 1,223 . 602 2,138
May 636 271 1,400
June : 254 109 613
July 86 : 41 195
August 40 19 56
September 36 9 25
Average: 1,007 850 800

Comparison of average mqnthly discharge (cfs) in lower
Redwood Creek

=&~ Historic Ave. (54 years) |
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September
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Appendix 3. Picture of rotary screw trap in lower Redwood Creek prior to storm
event (top) and picture of rotary screw trap during storm event (bottom), Orick,
CA., 2005.
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Appendix 4. Picture of rotary screw trap in lower Redwood Creek (RM 4) during
low flow period in August, 2005.

Date: August 6,.2005, Lower Rdwood Creek Rotary Screw Trap.
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Appendix 5. Graphical representation of daily stream gage height (feet) at trap site
and average daily streamflow (cfs) at Orick gaging station (USGS 2005), lower
Redwood Creek, Humboldt County, CA.
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Appendix 6. Travel time (d) and travel rate (mi/d) for 0+ Chinook salmon released
at upper trap site and recaptured at lower trap (distance of 29 miles) in Redwood

Creek, Humboldt County, CA., 2005.

Travel Time Experifnents

" Initial  Mark or Date Date Travel Travel
Age/species FL mm - Tagtype Released* Recaptured**  time (d) rate (mi dh

0+ KS 76 Pit Tag 6/03/05 6/14/05 10.5 2.8
0+ KS 77 Pit Tag 6/08/05 6/15/05 6.5 4.5
0+KS 87 Pit Tag 6/09/05 6/12/05 2.5 11.6
0+KS 79 Pit Tag 6/09/05 6/15/05 5.5 5.3
0+KS 70 Pit Tag 6/09/05 6/17/05 7.5 3.9
0+KS 83 Pit Tag 6/15/05 6/24/05 8.5 34
0+ KS 84 .Pit Tag 6/15/05 7/03/05 17.5 1.7
0+ KS 83 Pit Tag 6/16/05 7/02/05 15.5 1.9
0+ KS 81 Pit Tag 6/24/05 6/26/05 1.5 19.3
0+KS 85 Pit Tag 6/24/05 6/27/05 2.5 11.6
0+KS 87 Pit Tag 6/30/05 7/02/05 1.5 19.3
0+ KS 85 Pit Tag 6/30/05 7/02/05 1.5 19.3
0+ KS 87 Pit Tag 6/30/05 7/02/05 1.5 19.3

0+ KS 90 Pit Tag 6/30/05 7/02/05 1.5 19.3.
0+ KS 84 Pit Tag 6/30/05 7/02/05 1.5 19.3
0+ KS 72 Pit Tag 7/01/05 7/04/05 2.5 11.6
0+ KS 74 Pit Tag 7/07/05 7/10/05 2.5 11.6
0+ KS 76 Pit Tag 7/08/05 7/23/05 14.5 2.0
0+KS 73 Pit Tag 7/14/05 7/18/05 3.5 8.3
0+KS 72 Pit Tag 7/15/05 8/03/05 18.5 1.6
0+ KS 76 Pit Tag 7/21/05 7/26/05 4.5 6.4
0+ KS 73 Pit Tag 7/21/05 7/30/05 8.5 3.4
0+KS 81 Pit Tag 7/21/05 '~ 8/01/05 10.5 2.8
0+ KS 74 Pit Tag 7/21/05 8/04/05 13.5 2.1
0+ KS 76 Pit Tag 7/21/05 8/10/05 19.5 1.5
0+ KS 85 Pit Tag 7/28/05 8/03/05 5.5 5.3
0+ KS 87 Pit Tag 7/28/05 8/10/05 13.5 2.1
Ave: 80 7.5 8.2

(SD =5.9) (SD=5.9) (SD=6.9)

*  Released at upper trap site (RM33') at night (2100).
** TRecaptured at lower trap (RM4).
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Appendix 7. Growth of recaptured plt tagged 0+ Chinook salmon (n =27) migrating from upper trap to the lower trap (distance of 29 mi.) in Redwood .
Creek, Humboldt County, CA., 2005.

I I l l I 1
Tnitial Size Size at Recapture | Period of | % Change in: AGR** SGRsc** RGR**

Age/spp | FL (mm) | Wi(g) | FL (mm) | Wt(g)* | growth(d) | FL (mm) | Wt(g) | mmd | g/d | % (mm/d) | %(zd) | mmvmm/d | mm/mm/d
0+KS 87 76 88 751 25 000 | 000 | 000 | 0.00 0.000 0.000 0.000 0.000
0+KS 76 438 80 541 10.5 526 | 1271 | 038 | 0.6 0.489 1.139 0.005 0.012
0+KS 77 5.1 79 5.41 6.5 260 | 608 | 031 | 005 0394 0.908 0.004 0.009
0+KS 79 50 79 521 5.5 0.00 | 420 | 000 | 004 | 0.00 0.748 0.000 0.008
0+KS 70 4.1 74 4.41 75 5.71 756 | 053 | 004 0.741 0.972 0.008 0.010
0+KS 83 6.4 86 7.01 8.5 361 | 953 | 035 | 007 0418 1.071 0.004 0.011
0+ KS 81 5.7 82 541 15 000 | 509 | 000 | -0.19 0.000 -3.481 0.000 -0.034
0+KS 85 6.8 86 6.71 25 000 | 000 | 000 | 0.00 0.000 0.000 0.000 0.000
0+KS 87 75 87 7.01 15 000 | 653 | 000 | -0.33 0.000 4504 0.000 -0.044
0+ KS 83 6.2 92 8.61 15.5 1084 | 3887 | 058 | 0.16 0.664 2119 | 0.007 0.025
0+XS 85 6.7 86 6.31 15 000 | 582 | 000 | -026 0.000 3.998 0.000 | -0.039
0+KS 87 | 77 | 8 | 711 L5 000 | -766 | 000 | -039 | 0.000 -5.315 0.000 | -0.051
0+KS 90 84 90 8.81 15 000 | 488 | 000 | 027 0.000 3177 0.000 0.033
0+KS 84 6.3 84 5.91 15 000 | 619 | 000 | 026 | 0.000 -4.260 0.000 -0.041
0+KS 84 6.4 91 8.31 17.5 833 | 2984 | 040 | 0.1 0.457 1.492 0.005 0.017
0+KS 72 4.0 73 4.01 2.5 0.00 | 000 | 000 | 0.00 0.000 0.000 0.000 0.000
0+KS 74 4.4 74 441 25 000 | 000 | 000 | 0.00 0.000 0.000 0.000 0.000
0+KS. 73 4.0 74 391 35 000 | 000 | 000 | 0.00 0.000 0.000 0.000 0.000
0+KS 76 4.9 84 6.61 14.5_ 1053 | 3490 | 055 | 0.2 0.690 2064 | 0007 | 0.024
0+ KS 76 5.0 78 491 45 263__| 000 | 044 | 0.00 0.577 0.000 0.006 0.000
0+KS 737 41 76 471 8.5 411 | 1488 | 035 | 007 0.474 1.632 0.005 0.018
0+KS 81 5.8 83| 591 10.5 247 | 000 | 019 | 0.00 0232 0.000 0.002 0.000
0+ KS 85 63 85 6.21 5.5 000 | 000 | 000 | 0.00 0.000 0:000 0.000 0.000
0+ KS 72 3.9 80 5.61 18.5 11.11_| 4385 | 043 | 0.09 0.570 1.965 0.006 0.024
0+ KS 74 46 32 6.11 135 1081 | 3283 | 059 | 0.1 0.760 2.103 0.008 0.024
0+ KS 87 | 12 90 751 135 345 | 431 | 022 | 002 | 0251 0312 0.003 0.003
0+KS 76 48 | 89 7.01 19.5 1711_| 4604 | 067 | 0.1l 0.810 1.942 0.009 0.024
Ave. 80 5.1 83 6.15 15 365 | 960 | 022 | 0.00 0.279 0.003 0.003 0.001

*  Final weight equals weight of fish at recapture minus pit tag weight (0.09g).
** AGR =

absolute growth rate, SGRsc = specific growth rate scaled, RGR = relative-growth rate.
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Appendix 8. Descriptive statistics of size at time 1 (T1) and time 2 (T2), percent
change in size (FL, Wt), absolute growth rate (FL, Wt), relative growth rate (FL,
Wt) and specific growth rate scaled (FL, Wt) for pit tagged 0+ Chinook salmon
recaptured (n = 27) at the lower trap in Redwood Creek, Humboldt County, CA.,
2005. ' '

Descriptive Statistics

Variable ~__Min. Max.  Ave.(median)  SD**
Size at T1

FL mm 70 90. 79.9 (81.0) 5.9

Wtg 39 8.4 5.69 (5.70) 1.32
Size at T2

FL mm 73 92 82.9(84.0) - 5.7

Wtg 3.9 8.8 6.15 (6.11) 135

- % change in . '

FL mm 0.00 17.11 3.65(2.47) ‘ 4.77

Wtg - 7.66 46.04 9.60 (4.20). 16.50°
AGR* .

FL mm 0.00 0.67 0.22 (0.19) . 0.240

Wtg -0.39 027 0.0 (0.02) 0.153
RGR* , .

FL mm 0.000 0.009 0.003 (0.002) . 0.003

Wtg - 0.051 0.033 0.001 (0.003) 0.023
SGR* T |

FL mm 0.000 0.810 0.279 (0.232) 0.302

Wtg -5.315 3.177  0.003 (0.312) 2.282

* AGR = absolute growth rate (FL, mm/d; Wt g/d), RGR = relative growth rate (FL, mm/mm/d; Wt, g/g/d),
SGR = specific growth rate scaled, [FL, %(mm/d); Wt %(g/d)].

** SD = standard deviation of mean.
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Appendix 9. Results of linear regressioniﬂs using travel time (d), travel rate (mi/d),
average water temperature (°C), and average stream discharge (cfs) on various
growth indices for pit tagged 0+ Chinook salmon recaptured at the lower trap in

Redwood Creek, Humboldt County, CA., YR 2005.

Regression Output (Results)

Variables
Dependent (Y) Independent (X) p value R2 Slope Sign _ Power of test
% Change FL.  Travel Time 0.000001 0.84 Positive 1.00
% Change FL. __Travel Rate* 0.000001 _ 0.64 Negative  1.00
% Change FL.  Water Temp 032 + 004 Positive . 0.16
% Change FL.__ Stream discharge 0.44 0.02 Negative ~ 0.12
% Change Wt Travel Time 0.000001 0.82 Positive 1.00
% Change Wt Travel Rate 0.00007 047 Negative  1.00
% Change Wt Water Temperature 041 ~  0.03 Pasitive 0.12
% Change Wt Stream discharge  0.62 0.01 Negative _ 0.08
AGR** FL ~_Travel Time 0.000001 0.69 Positive 1.00
AGR** FL Travel Rate 0.000004 0.58 Negative 1.00 .
AGR** FL Water Temperature 0.67 0.01 Positive 0.07
AGR** FL Stream discharge 0.70 0.01 Negative  0.07
AGR** Wt Travel Time 0.002 , 032 Positive 0.91
"~ AGR** Wt Travel Rate Test assumptions not met, test not reliable.
AGR** Wt Water Temperature Test assumptions not met, test not reliable.
AGR** Wt Stream discharge Test assumptions not met, test not reliable.
SGRsc** FL Travel Time* 0.000001 0.68 Positive 1.00
SGRsc** FL. __ Travel Rate 0.000006  0.56 Negative  1.00
. SGRsc** FL Water Temperature Test assumptions not met, test not reliable.
SGRsc** FL  Stream discharge Test assumptions not met, test not reliable.
SGRsc** Wt Travel Time 0.005 . 039 Positive 0.97
SGRsc** Wt Travel Rate Test assumptions not met, test not reliable.
SGRsc** Wt Water Temperature Test assumptions not met, test not reliable.
SGRsc** Wt Stream discharge* 0.37 0.03 Negative  0.14
RGR** FL, Travel Time* 0.000001  0.68 Positive 1.00
RGR** FL Travel Rate 0.000008 _0.56 Negative . 1.00
RGR** FL. Water Temperature Test assumptions not met, test not reliable.
RGR** FL Stream discharge Test assumptions not met, test not reliable.
RGR** Wt Travel Time 0.002. - 043 Positive 0.99
RGR** Wt Travel Rate Test assumptions not met, test not reliable.
RGR** Wt Water Temp 083  0.00 Positive . 0.05
RGR** Wt Stream discharge 072 . 0.00 Negative  0.06

* Denotes Log (x+1) transformation to approximate linearity.

** AGR = absolute growth rate (FL mm/d; Wt g/d), RGR = relative growth rate (FL mm/mm/d; Wt g/g/d),

SGR = specific growth rate scaled, [FL %(mm/d); Wt %(g/d)
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SUMMARY OF RESEARCH PROJECT REPORTS

Bonneville Power Administration
BPA Fisheries Project 82-14

DEVELOPMENT OF NEW CONCEPTS IN FISH LADDER DESIGN

Conducted at the
Albrook Hydraulics Laboratory .
Department of Civil and Environmental Engineering
Washington State University
Pullman, Washington 99164-3001

Project Period: June, 1982-October, 1984

1. Orshorn, John F. 1985. SUMMARY REPORT

2.

A synopsis of the project components was prepared to provide an
overview for persons who are not fisheries scientists or engineers.
This short report can be used also by technical persons who are
interested in the scope of the project, and as a summary of the

three main reports. The contents includes an historical
perspective on fishway design which provides the basis for this
project. The major project accomplishments and significant

additions to the body of knowledge about the analysis and design of
fi shways are discussed. In the next section the research project
organization, objectives and components are presented to
familiarize the reader with the scope of this project.

The summary report concludes with recommendations for assistinq in
the enhancement and restoration of fisheries resources from the
perspective of fish passage problems and their solution. Promising
research topics are included.

Aaserude, Robert 6. and John F. Orsborn. 1985. NEW CONCEPTS IN
FISHLADDER DESIGN .--Results of Laboratory and Field Research on New
Concepts in Weir and Pool Fishways. (With contributlons by Diane
Hilliard and Valerie Monsey) .

The drivinq force behind this project, and the nucleus from which
other project components evolved, was the desire to utilize fish
leaping capabilities more efficiently in fishway desiqn. This
report focuses on the elements which were central to testing the
premise that significant improvements could be made in water use,
costs and fish passage efficiencies by developing a new weir and
pool fishway. These elements include: historical review of
available " information; optimization of weir geometry; fluid jet
mechanics; air entrainment; energy dissipation in the pool chamber;
and fish capabilities. The new weir and pool chambers were tested
in the field withcoho and chum salmon.
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3. Orsborn, John.F. and Patrick D. Powers. 1985. FISHWAYS--AN ASSESSMENT
OF THEIR DEVELOPMENT AND DESIGN. = (With contributions by Thomas W.
Bumstead, Sharon A. Klinger, and Walter C. Mih.) .

This volume covers the broad, though relatively. short, historical
basis for this project. The historical developments of certain desiqn
features, criteria and research activities are traced. Current design
practices are summarized based on the results of an international
survey and interviews with agenqy personnel and consultants. The
fluid mechanics and hydraulics 'of fishway systems are discussed.

Fishways (or fishpasses) can be classified in two ways: (1) on the
basis of the method of water control (chutes, steps [ladders], or
slots); and (2) on the basis of the degree and type of water control.
This degree of control ranges from a natural waterfall to a totally
artificial environment at a hatchery Systematic procedures for
analyzing fishways based on their- confiquration, . species, and
hydraulics are presented. Discussions of fish capabilities, energy
expenditure, attraction flow, stress and other factors are included.

4. Powers, Patrick D. and John F. Orsborn. 1985. ANALYSIS OF BARRIERS TO
UPSTREAM MIGRATION. - -An Investigation into the Physical and Biological
Conditions Affecting Fish Passage Success at Culverts and Waterfalls.

Fish passage problems at natural barriers (waterfalls) and artifi-
cial barriers (culverts) are caused by excessive velocity and/or
excessive height. By determining which geometric or hydraulic
condition exceeds the capabilities of the fish, the most promising
correction can be made to the barrier.

No waterfall classification system was. found. in' the literature
which could be applied to fish passage problems. Therefore a
classification system was designed which describes: (1) downstream
approach conditions at the base of the barrier; (2) central passage
conditions as in a high velocity chute oF the leap over a falls;
and (3) upstream conditions where the fish exits the high velocity
chute or lands after leaping past a barrier.

The primary objective was to lay the foundation for the analysis
and correction of physical barriers to upstream migration, with
fishways beinq one of the alternative solutions. Although many
passage improvement projects are economically small compared with
those at large dams, each year millions of dollars are spent on
solving these smaller passage problems-- and sometimes the money is
wasted due to poor problem definition ‘This report will assist in
both the definition of the problem and selection of the most
beneficial solution.
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. ANALYSIS OF BARRIERS TO UPSTREAM FISH MIGRATION
ABSTRACT

This paper presents a detailed analysis of waterfalls and culverts as
physical barriers fo upstream migration by salmon and trout. Analysis
techniques are based on combining barrier geometry and stream hydrology to
define the existing hydraulic conditions within the barrier. These
conditions then can be compared to known fish capabilities to determine
fish passage success. A systematic classification system is developed
which defines the geometric and hydréulic parameters for a given stream
discharge. This classification system is brganized in a format that can he
used to catalog‘barriers in fisheries enhancement programs. The analysis
comparésvhydraulic conditions and fish capabilities in detail, as the fish
enters the barrier, attempts passage and exits the barrier. From this
comparison the parameters which prohibit passage can be determined.
Hydraulic‘conditions are‘a function of the barrier qeometry and stream
hydrology, and the stream flow is constant at the time each step in
analysis is performed. Therefore, the barrier geometry must be modified to
alter the hydraulics to meet fish capabilities. Modifications can he
accomplished by: installing instream "“control" structures which deflect
the flow or raise pool levels; blasting to alter or remove‘rock; and
installing a fishway to bypass the barrier. Modifications should not be
attempted until the analysis defines the excessive parameters which should

be modified.
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INTRODUCTION

When adult salmon and steelhead trout enter freshwater, maturing fish
stop feeding and rely on energy reserves stored in body fat and protein to
carry them through migration and spawning. The raté of sexual maturity is
esfablished by heredity, and cannot adjust to delay. Bafriers which cause
excessive delay and abnormal energy expenditures can result in ‘mortality
either during the migration or in the spawning aréaé. These bitriers can
be natural or artificial, as well as physical, cheqical or thermal.
Natural barriers consist mainly of waterfalls and debris jams, and artifi-
cial barriers consiét mainly of dams, culverts and log jams. This study
will consider only those barrier# consisting of waterfalls or culverts
that partially or totélly obstruct salmbn and trout upstream migration. In
addition to existing barriers which delay br totally block upstream
migration, spawning areas which were originally accessible have become
inundated by reservoirs and other instream modifications. ' Therefore,
existing barriers must be modified to further open the'"window of passage"
to spawning areas. . |

The potential for deriving benefits ffom alleviating barr}ers to
migration is high, but in the reqote'areas where these barriers usually
exist, the cost of traditional fish ladders and‘construction methods
usually outweigh the benéfits to b# gained. Some barriers lend themselves
to simple solutions such as blasting a series of pools to assist fish
passage. Rut in many cases an analysis of the geometric, geologic, hydro-

logic and hydraulic characteristics needs to be made so that alternative




solutions can be generated and compared. Stuart (1964) suggests that the
behavior of migratjng'salmonids can be correlated directly with the
hydraulic conditions in the stream channel. This relationship is the basis
for this study.
Because stream floﬁs and site geometry control stream width, depth and
. velocit&, the hydraulic parameters are a function of the geomorphic and
hydrologic parameters. Given the geomorphic conditions at a site, con-
sidered to be constant, and thé'hydrologic conditions which are variable
- within a range of values, an ahalysis of the hydraulic conditions related
to fish capabilities can determine the impact fhe barrier has on fish
passage suééess. These relationships can be seen in the flow chart in
Figure 1. The objeétives of this sfudy are to:
1. develop a classification system for ;waferfhll- and culvert
barriers; |
2. develop methods for analyzing harriers using site geometry,
hydrology and hydraulics, and by relating the hydfaulits to fish
capabilities; and | -
3. generate "parameter specific" solutions to assist fish past
barriers without the installation of a typical fishway.
It is not. within the scope of this study to develop analytical methods for
more complex barrier structures but to develop the conceptual basis for
these methods. Complex barrier analysis‘would require extensive field work
and/or physical model testing. It is the author's intention to use this
studyas a foundation to further develop analytical methods for analyzing

‘more complex barrier systems.
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‘Because of the wide variations in the forms of barriers, a classi-
fication systeﬁ is required to facilitate the analysis and subsequent
qeneration of solutions to fish passage problems. Evidence of waterfall
classification in the literature points only to a system based on genetic
grounds (Eairbridge, 1968). The writer is not aware of a systematic’
classification system of waterfalls which correlates fish passage success.
The requirements fbr an adequate classificatioh system inélude the fol-
lowing: | |

1. site geometry,

2. hydraulic conditions, and

3. fish passage success.
Based on these three factors a classification system for waterfall and
culvert barriers.wés developed to aide in assessing, analyzing and modi -
fying barriers.

Natural rock barriers cﬁn be in the form of falls, chutes or cascades.\

Falls ﬂﬁg. 2) are characteristic of steep (commonly vertical) overflow
" sections where the impact of the falling water scours a deep plunge pool at
the foot of the falls. Falls form elevation barriers where the difference
in water surface elevation between the upstream water surface and the
plunge pool, and/or the horizontal distance from the falls crest to the
plunge pool exéeéds the leaping capabilities of the pertinent fish species.
Often the leaping efficiency of the fish is constrained by unfavorable
plunge pool conditions. If the pool is shallow, the falling wéter will
strike the bottom creating violent pool conditions, thus affecting the

fishes' orientation for leaping. Even if a fish has successfully leaped a




falls, it can be swept back due to high velocities and/or shallow depths
above the falls crest. A cantilevered culvert outfall (Fig. 3), where the
fish must leap to enter the culvert, is similar geometrically to a fall.

The only difference is the nature and geometry of the bed over which the

water flows.

FLOW |
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e g
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Figure 2. Profile view of a fall Figure 3. Profile view‘of a
_ cantilevered culvert

Chutes (Fig. 4) are characterized by steep, slopihg, rough open
channels, offering the fish a high velocity medium in which to swim without
resting areas. Chutes form velocity barriers where the water‘velocity near
the downstream entrance to the chute exceéds-the fishes' swimming speed.
Often a standing wave will develop at the foot of the chute. If the
downstream plunge'pool ié shallow, the standing wave may form too far
downstream for the fish to rest before bursting into the‘chute. Even if

i

_the velocities down in the chute are within the fishes' swimming speed, the

depth of flow and slbpe length could prohibit passage. Also, chutes often

pass a bulked mass of water and entrained air which offers a poor medium




for swimming. Stuart (1964) suggests that when flowing water entrains air,

the density of the mixture will be reduced and will detract from the

propulsive power of the fishes' tail and diminish the buoyancy of the fish.‘u
Air entrainment also reduces the stimulus of attraction flows. Chutes with
steep §lopes are very similar to culverts (Fig. §) where the fish must swim
a long‘slope length. The difference again is in the nature of the bed over
which the water flows, and the shape of the flow area. Culverts do not
offer an irregular natural boundary which can provide an occasional resting

place.

.Figufe 4, Profile view of a steep/ Figure 5. Profile view of a steep/
high velocity chute. high velocity culvert.

Cascades (Fig. 6) are characterized by a reach of stream where large
instream roughness elements, such aS boulders and jutting rocks, obstruct
and/or churn the flow into violently turbulent white water. Cascades éften
present fish with high velocities, excessive turbulence, énd orientation
difficulties which make it impossible for a fish to effectively use all its
swimming power. If the rouqhness elements (or boulders) are large, they

will often create periodic resting areas within the cascading reach.




’Jackson (1950) noted that the sockeye salmon trying to pass Hell's Gate on
the Fraser River in British Columbia almost succeeded in "eroding their

noses back to their eye sockets" by contact with the bank while trying to

maintain equilibrium in the turbulent water.

Figure 6. Plan view of a cascade.

Pioneering works in the field of analyzing waterfall barriers has been
conducted mostly by fisheries biologists through methods such as field
sampling by electrofishing, skin diving or just personal observation of
fish pasSage.l No significant research coﬁcerning the fluid mechanics of
waterfalls has been conducted. There has been considerable work done on
culverts to relate depth, velocity and discharge relationships, as reported
by Dane (1978), Evans & Johnston' (1980) and others. The obstruction at
Hell's Gate focn;'sed a considerable amount'of attention on the velocities
and turbulence that sockeye salmon were facing. In that study, river

velocities were measured by two methods:




1. the highest average velocities from the river dischargeﬂ and the
area of smallest cross section, and
2. average mid-stream surface velocities using. a float.
llighest average velocities ranged from 12.9 to 17.5 fps, but Jackson (1950)
noted that these computed velocities were inaccurate because of fhe
extremely rough channels at Hell's Gate. The conclusion was that the
‘combination of turbulence and high velocities prevented the passage of
large runs of sockeye salmon. Clay (1961) suggests the following
engineering field work that is required before design and construction of a
fishway at a fall can be initiated:
1. topographic .surveys; |
2. record magnitude, direction and location of velocities;
3. locate points of turbulence, upwellings and the intensity and

location of points of surge and how they relate to fish behavior;

and

4. river discharge measurements.

Clay a156 suggests various types of fishways that can be installed at
natural obstructions. He notes that because of the wide range of flows at
a natural obstrliction the vertical slot type of fishway should be used
because it can accept a wide range of water level fluctuations wilile still
“working effectively.

- Most of the design work on assisting fish past waterfalls wifhout the
installation of a fishway rests in project files. Many of these waterfalls
were observed to be barriers due to shallow depths, 'hlgh velocities andlor

elevation drops, and were modified by blasting to try to reduce the




magnitude of these constraints to passage. This study will. develop detailed
analysis procedures to generate "par;ameter specific" solutions to the “"real

passage problems" at barriers.




FISH CAPABILITIES

Swiﬁming Speeds

The objective of this section is to document values for the upper
limits of swimming speeds, leaping capabilities and swimming distances for
adult salmon and steelhead trout, and to evaluate their performance in a
format useful for analyzing barriers. In order to differentiate between
water velocity, fish velocity and relative velocity of the fish to the
water, the term "speed"' will be used to denote the rate of motién of the
fish aé an obj(;,ct with respect to a reference plaﬁe. Relative épeed will
denote the difference between fish' speed and the velocity of the water,
that is: |

R =V - VW €Y
where VR = relative speed of the fish to the water; VF = speed of the fish;
and W = velocity of the water. '

‘Ranges of speeds are classified .in the literature according to the

function, or relative speeds which fish can maintain. Tﬁe classification

of speeds published by Hoar and Randall (1978) which will be used in this

study, is:
sustained - normal functions without fatigue,
prolonged - activities ~lasting 15 seconds to 200 minutes which
result in fatigue
burst - activities which cause fatigue in 15 seconds or less.

Ranges of speeds for these classification are shown in Table 1 from Bell

(1973).
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Table 1. Fish speeds of average size adult salmon and steelhead trout as
reported by Bell (1973).

Fish Speed (fps)

Specie Sustainedd ProlongedP Burst

Steelhead 0-4.6 4.6-13.7 13.7-26.5
Chinook 0-3.4 .  3.4-10.8 © 10.8-22.4
Coho 0-3.4 . 3.4-10.6 10.6-21.5
Sockeye 0-3.2 3.2-10.2 10.2-20.6
Pink & Chumd 0-2.6 2.6-7.7 7.7-15.0

!

3Pink & Chum salmon values estimated from leap heights of 3 .to 4 ft at
waterfalls.

b Called cruising and sustained, respectively, in Bell (1973).-

Bell suggests that fish normally employ sustained speed for movement (such
as migration), prolonged speed for passage through aifficul't areas, and
burst speed for feeding or escape purposes.

For determining fish passage success over waterfalls and through
culverts, some percentage of the upper limit of burst speed will be used
which will depend on the physicﬁl condition of the fish. ; fo determine
actual ‘values of these percentages, a study was conducted on coho and chun
salmon swimming up a high velocity chute at Johns Creek Fish ‘.Ha‘tchery near
Shelton, Washingtoxi (see Appendixlli). From this study it wés concluded
that most of the time the salmon were swimming at 50%, 75% and 100% of
theivr maximum burst speeds suggje.sted by Bell (1973), depending on the
condition of the fish. These percentages will be used to defi‘ne 1
coefficient of fish condition (Cfc). Values for Cg. are given in Table 2.

with the corresponding characteristics of each. From Table 2 the actual

speed that should be used for passage analysis is:

11




where VFB = maximum burst speed suggested by Bell (1973) Table 1; and C¢¢

= coefficient of fish cdndition, Table 2.

Table 2. Coefficient of fish condition (C¢.). Values based on observations
and data taken for coho and chum salmon at Johns Creek Fish
Hatchery near Shelton, Washington, December, 1983.

Fish Condition - Coefficient(Cgc)

Bright; fresh out of salt water or

still a long distance from spawning 1.00
grounds; spawning colors not yet

- developed

Good; in the river for a short time;

spawning colors apparent but not 0.75
fully developed; still migrating -

upstreanm '

Poor; in the river for a long time;

full spawning colors developed and 0.503
fully mature; very close to spawning :
grounds

a Tpgg =10.50, corresponds to the upper limit of prolonged speed from
able 1.

Leaping Capabilities

When fish leap at waterfalls, their motiqn.éan best be described as
projectile motion (i.e. curved two-dimensional motion with constant
acceleration). Neglecting air resistance, the equations for projectile
motion are:

(Vo cosB)t, and

>
]

(Vo sin@)t - (1/2)gt2

~«
"
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where x = horizontal distance the projectile travels, y = vertical distance
the projectile travels, V, = initial velocity of the projectile, 8 = angle
from the horizontal axis the projectile is fired, t = time, and q =
acceleration of gravity (32.2 ft/éecz). Rewriting the equationé for x and
y in terms of the components that relate to fisﬂ leaping‘at a waterfall
yields: _

XL = [VF(cosBL)]t and ' 3)

HL = [VF(sinoL)]t - (1/2)gt? | )
where XL = horixontal distance or‘range of the leap at some time (t), HL ;
‘height of leap at some fime (t), VF = fish speed, 9L = ﬁngle'of leap from
the plunge pool, and g = acceleration of gravity acting downwards (32.2 .

ft/sec?). By combining equations (3) and (4) and eliminating t from them,

we'obtain: )
HL - (tanBL)XL - g(XL)2/2(VFcos@L)2 . (5)
which relates HL and XL and is the fish trajectory equation. Since VF, OL

and g are constant for a given leap, equation (§) has the parabolic form

of :

HL = b(XL) - C(XL)2 |
Hence the trajectory of a fish is parabolic. Eqﬁation (5) is plotter! in
Figures 7, 8 and 9 for six species of salmon and trout leaping at angles of
HO, 60 and 40 degrees. These Heaping curves will be utilized later to
analyze leaping conditions at a barrier. At the highest point of the
fish's leap, the vertical componéqt of the velocity is zero, th?t is:

VFy = YF(sin6L) - gt = 0
Solving this equation for t gives:

t = VF(sinoL)/q

13
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Substituting this equation for t into equation (3) and (4) yields:

HL = (VF(singL))2/g - (1/2)(VF(sinaL)2)/g
HL = (VF(sinBL))2/2qg : (6)
XL = VF2(cosBL)(sinaL/q) | o

Equations (6) and (7) give the maximum height of the fish's leap and the
horizontal distance traveled to. the maximum height.

Bell (1973) suggests the following formula for computing velocities at
which fish leave the water surfhce:v A

VF = (29(HL))0-5

‘ Solving this equation in terms of the leap'height (HL) gives the same
result as equation (6), using a leaping angle of 90° to the water surface.
Aaserude (1984) noted that to d;termine the true leaping height above the
water surface, the length of the fish should be added to‘qquation (6)
because the fish uses its full propulsive power up until the point the
fish's tail leaves the water, and once in the air skin drag can he neg-
lected. Since equation (6) and (7) do not include the additive effects of
fish length or an uanrd velocity component often found at the foot of a
waterfall in the form of a standing wavé (Stuart, 1964), they'will‘be used
here as cénservative values from the accepted literature. | ‘

Swimming Performance

Sﬁimming perfbrﬁance is a measure of the speed which a fish can
maintain over a period of time (endurance). The distance a fish can swin

is a function of the water velocity, fish speed and fatigue time. Bell
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(1973) suggests that burst speed can be maintained-for an estimated 5 to 10
. seconds. Relating this range of fétigue' time to the range of burst speeds
from Table 1, the swimming distances can he computed from:

LFS = (VF - VW)TF | - @) -
where LFS = length the fish can swim,‘ VF = fish spéed,‘ VW = water velocity,
and TF =.time to fatigue. Equation (8) is plotted in Figures 10, 11and 12
for six species of salmon and trout. An example éalculatiqn will shdw how
these figures were derived. |

.§p£__ie: steelhead

Burst Speed Range: 13.7 to 26.5 fps

Fatigue Time Range: 5 to 10 seconds

Water Velocity: 10 fps

| Coefficient of Fish Condition: 0.75

LFS

[26.5 (0.75) - 1‘015 = 49 ft, or

LFS = [13.7 (0.75) - 10J10 -3 ft.
Therefore the maximum distance an adult steelhéad trout can swim given tﬁe
condition of thé fish and a mean water velocity of 10 fps, is 49 ft. .This
calculation assumes the water depth to be great enough to submerge the fish
and that no air is entrained in the flow. The results afe in Fig. 12.
Evans and Johnston (1980) suggest thaf the distance the fish can swim
against a given water velocity is best defined by the curves prepared by
Ziemer (1961) which reflect the swimming performance of salmon, steelhead,
and smaller trout (Fig. 13). This curve was developed assuming a relative
fish speed (W) of 2.0 fps. From the study reported in Appendix II, it was

determined that the average relative speeds for coho and chum salmon

swimming up the velocity chute were 1.9 and 2.1 fps respectively, but
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ranged from values of 1.0 to 3.0 fps. Because of this wide variation, it

appears that calculating the maximum distance a fish can swim by simply
using relative fish speed does not accurately describe the magnitude of a

single passage attempt.
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Figure 10. Maximum swimming distance for steelhead trout under three fish
conditions. :
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"Any factor interrupting or affecting the? supply system (oxygen
intake) as well as those affecting the propulsive system itself, affects
swimming performance” (Webb, 1975). Both of thvese conditions exist when
there is insufficient water depth to submerge the fish while it is swim-
minq. Partial submergence impairs the abilAity of the fish to generate
thrust normally accomplished by a cbmbination of body and tail movement.
Also, if its gills are not totally submerged, they cannot function effi -
ciently, promoting oxygen starvatio.n while also reducing the fish's ability
to maintain burst activity. Evans and Johnston (1972) suggest a miﬁimum
water depth of 6 in for resident trout and 1 ft for salﬁon and steelhead.
Dryden and Stein (1975) state "In all cases, the depth of water should be
sufficient to submerge the largest fi'Sil attempting to pass." This limit-
ation’ ;vill be used in analyzing barriers, because this would be the
minimum depth requirement without affecting the fiSh;s propulsive system.

It is important to note .that the values of fish speeds suggested by
Bell (1973) are for fish swiming in water without -entrained air (black
water). In extreme cases of sufflation the density of the water/air
mixture (white water) will be reduced and detract from the propulsive power

~of the fish's tail, reducing its speed. To summarize the equations that
describe the capabilities of fish in terms of swimming speed, leaping
capabilities and swimming performance, Table 3 is provided with a nomen-

clature of terms.
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Table 3.

Fish capability equatibns‘fbr swimming and leaping.

Type of Motion . Equation
VR =V - W (1)
Swimming ' VF = VFB(C¢¢) (2)
LFS = (VF - VW)TF (8)
HL = (VF (sin0L)]2/2g 6)
Leaping -
XL = VF2(cos6L)(sinoL)/g )
where: ‘
VR = relative swimming speed of the fish,'
VF = fish speed,
VW = water velocity,
VFB = burst speed of fish,
C¢c = coefficient of fish condition,
LFS = maximum swimming distance of fish,
TF = time to fatigue;
H. = height of leap,
XL = horizontal distance of leap at fish's high point, . -
8L = angle of leap from water surface, and
9 = acceleration of graviéy (32.2 ft/sec?).
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CLASSIFICATION OF BARRIERS

To facilitate analyses and subsequent generation of solu.tions to fish
passage problems a classification system needs to be introduced to define
the parameters involved in the analysis. The objective of this chapter is
to develop a systematic method for classifying barriers based on the con-
ditions that affect fish passage success. Barrier classification sheets
will be developed to enable fisheries personnel to make use of tﬁe classi-
fication system in fisheries enhancement programs, both to catalog water-
fall and culvert barriers, and to design their modifications.

Evidence of classification for watei‘falls in the literature was found
on‘ly in terms of the site geomérphology (or origin of formation)
(Fairbrige, 1968).. No classification of waterfa‘ll.s could bé found in tl;e
literature that correlated site hydraulics or fish paséage success to
geometry. Pryce-Tannatt (1937) noted, "Obstructions are many and varied.
It would be useless to attempt to clasSify them beyond distinguishing

between the comparatively mild, the definitely difficult, and the com-

pletely impossible." Dane (1978) suggests a classification of obstructions

for culvert barriers based on blockage as follows:

1. Total--impassable to all fish all of the time,

2. Partial--impassable to some fish all of the time, and

3. Temporary--impassable to all fish some of the time.

The classification system developed for this study will analyze the
site geometry and hydraulics, a‘nd‘ how they interrelate to fish passage

success. Because waterfalls in nature consist of such a wide range of
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geologic and hydrologic combinations, a classification system for water--

falls should include several components, each of which describes-waterfhlls.
differently.
The classification system proposed here consists of fbur‘components:

(1) class, (2) type, (3) magnitudé and (4) discharge, extending from
'generai to‘specific (Table 4). Class describes the flow patterns, number
and characteristics of fish passage:routes and site geometry in plan view.

The class is deternined by observing the characteristics in Table 4. Type
describes the bed slopes, podl depths and geometry of the barrier in
longitudinal profile, and therefore requires an engineering survey of the
barrier site. Magnitude describes the elevation differences, water velo;

cities and slope lengths the fish must negotiate. Because the class, type
and magnitude of the barrier will vary with discharge, the fourth item for
classification will be to accurately estimate or measure the discha;ge at
the time of observation.

Also, a degree of passage difficulty rating will‘be applied, based on

a range from 1 to 10, one being the least difficult to pass énd ten the

most difficult. This is a subjectivé comparative raating of barrier class
characteristics in reference to fish passage difficulty which is indepen-
dent of barriér height and velocity. The rating is based on the following
assumptions: |

1. The differential elevation and water velocities are within the
swimming and leapinq capabilities of the species in question.

2. At higher swimming spee&s (>9 fps) lééping is more energetically
efficient that swimming (Blake, 1983),

3. Fish will be attracted to the area of highest momentum (flow x

- velocity) when migrating upstream; therefore if multiple paths arc
present the fish may try to ascend the one with the highest
attraction which will be created by the highest combination of
drop, velocity, and discharge.
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- 4, Turbulent flow (or white water) with surges, boils and eddies make
it difficult for fish to orientate themselves and make full use of
~ their swimming power.

Table 4. Characteristics of barrier classification components.

Classification Component Characteristics

Site geometry in plan view.
Flow patterns

Number of fish passage routes.
Characteristics of fish passage
routes.

Class

Site geometry in profile.
Type Bed slopes
Pool depths

Elevation drops
Magnitude Water velocities
Slope lengths

The flow rate at which the class,

Discharge type and/or magnitude were measured.

Waterfall barriers in nature are usually fﬁund in.three forms; falls,
chutes and cascades. From the author's fieid observations of many
harriers, it appears that fall barﬂeré are found eithef as single or
multiple falls, chutes as either simple oF complex, and cascades as boulder
cascades or turbulent cascades. Combinations of falls and chutes will'be.
&enoted aS‘éompound barriers. These barrier classes and their charac-
teristics are shown in Table 5 with their corresponding rating for degree

of passage difficulty.
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A single fall has the lowest degree of difficulty rating (DDR) because

the fish has only one route to choose, and it leaps to pass. To determine
the actual value of the DDR of 1 to 3, the upstream and‘doﬁnstream con-
ditions must be analyzed..This will be done when barriers are classified by
type. Multiple falls (falls in parallel) have a higher DDR than single
falls because the fish has severdl routes from which to choos;, and most
iikely will be attracted to the fall with the highest flow momentum
(Stuart, 1964). Simple‘chufes have a slightly higher DDR than single falls
" because at high swimming speeds (>9 fps) leaping is more energetically
efficient than swimming. Complex chutes have a higher DDR than simple
chutes because the fish's.prdpulsive power is reduced in white water.
Poulder cascades have a slightly higher DDR than multiple falls because the:
fish haveiproblems getting orient to Jeap due to the‘tﬁrbulent resting
areas. This analysis can be continued,, comparing each barrier class based
on the four original assumptions, for the degree of difficqlty rating
systen. | | |
Type ,

To classify barriers by type, Eonceptual models will he used which
show the geometric and hydraulic relationships that are critiéal‘to.fish
passage success. Fiqures 14 and 15 show conceptual models andgfhe notation
used in profile view of a fall ana chute respectively. These fiqures are

-not comprehensive for nétural conditions, but the geometric dimensiong
apply and can fit any situation. . Cascades are not included here because to
determine the type of bafrier reﬁuires measurements of bed slopes and pool

depths. If these measurements could be made in a caécading reach, then a

27




cascade would simply consist of a series bf fhlls-and/of chutes and there
would be several different types for one barrier class (i.e. several falls

and/or chutes within a cascade).

Table 5. Subjective comparative rating of barrier class characteristics in .
reference to fish passage difficulty, independent of barrier
height and velocity. Assumes passage success by strongest fish.

Class : Characteristics ‘ Degree of Difficulty
‘ Range
Single falls Entire stream flows through a . 1-3

single  opening offering one path
for fish passage.

Multiple falls Flow divides through two or more 3-5
channels offering the fish with
several passage routes of varying
difficulty.

Simple chute Unvarying cross sections and 2-4
’ constant bottom slope (steep), with
supercritical flow at all stages

Complex chute Varying cross sections, several 4-6
changes in bed slope and/or curved
alignment in plan view.
White water at all stages.

- Boulder cascades Large instream boulders which constrict  5-7
the flow creating large head losses

from upstream to downstream sides of
boulders. Intermediate resting areas

in very turbulent pools.

Turbulent cascades Large instream roughness elements or 7-10
jutting rocks which churn the flow
into surges, boils, eddies, and '
vortices. No good resting areas.

Compound Combinations of single falls and/or 3-7.
' simple chutes (e.g., culvert with
high velocity and outfall drop)
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Figure 14.

Conceptual - model of a fall, where: A = point on fish exit bed
slope where critical depth occurs;B = elevation of crest; C =
furthest point upstréam on bed of plunge pool; D = point just
downstream of falling water (or standing wave) on bed of plunge
pool; Se = fish exit slope; Sp = fish passage slope; dc =
critical depth (point A); dpp = depth in the plunge pool; dp =
depth the falling water plunges; X = horizontal distance from
the crest (point B) to standing wave (point D); FH = fall
height; H = change in water surface elevation; and LF = length

of fish.
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Figure 15.

Conceptual model of a chute, where: A = point on fish exit bed
slope Where critical depth occurs; B = elevation of crest; C =
furthest point upstream on bed of plunge pool; D = point just
downstream of standing wave (or hydraulic jump) on bed of
plunge pool; Se - fish exit slope; Sp - fish passage slope; LS

- = length of slope; dc = critical depth (point A); dw = depth of

water; dpp = depth in the plunge pool; and H = change in water
surface elevation. '
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The conceptual models in Fiqures 14 and 15 consist of three zonés: 1
the fish exit zone (point AA to point B in Figure 16); (2) the fish passage
zone (point R to point C in Figure 17); and (3) fhe fish entrance zone
(point C to point D in Figure 18). The notation used to denote the
barrier type is given in these figures, and follows outlininq logic ft;om

upstream to downstream. The type of barrier will be determined.by meas-

uring the exit slope, passage slope and plunge pool depth, and selectinq
three characters from the notation, one each from the exit zone, passage

zone and entrance zone (e.g. IIB2, would denote a chute barrier with a

positive exit slope and a shallow plunge pool). From Figures 16, 17 and I8

it can be seen that there could be any of four different combinations of
entrance and exit conditions for each of four passage zones; 'l’and thus 16
different types of barriers can,.exist according to this classification.
These models are shown in Figure 13, along with the corresponding degfee of
passage difficulty rating. The similarities with culvert flow and‘ geometry
are denoted 'by dotted lines. | |

Magnitude and Discharge

To complete the classificatfon, estimates of differential elevations,
water velacities, length of slopes, etc. ,‘should be included, along with
estimates of the discharge at thé time of observation and migration season
flows. These two component; along with the barrier class and type then can
‘be combined tégether to give th;e final barrier classification. A sample
barrier classification sheet is shown in Fig. 20. This sheet can be used
in the field to classify barri.erf's and will be helpful in assessing design

- modifications.

l'In profile, but one must consider the flow ]Sattern in plan view because it
can cause disorientation of the fish.
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FISH EXIT/WATER INLET SLOPE POSITION NOTATION

Figure 16.

(Good)

11
(Poor)

Fish exit zone notation, where: I= negative or nonsustaining
slope at the fish exit (or water inlet). Good conditions for
fish, reduced velocities, increased water depth therefore good
resting areas. II= positive or sustaining slope at the %isﬁ
exit (or water inlet). Poor conditions for fish, increased
velocities, decreased depths and. therefore poor resting areas.
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FISH PASSAGE/WATER TRANSITION ZONE . NOTATION

A (fall)
(simple)

B (chute) '
(simple)

C (chute/fall)
(componnd)‘

D (fall/chute)
(compqund)

Figure 17. Fish bassage zone notation.
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FISH ENTRANCE/WATER EXIT ZONE

FLOW, |
o, — " T,

NOTATION

(Good)

2
(Poor)

Figure 18. Fish entrance zone notation, where: 1 = deep pluhge pool.
Good conditions for fish, sufficient depth allows dissipation
of falling water energy and standing wave to develop. Good

leaping conditions. 2 =

shallow plunge pool. _Poor cxxditians

for fish, falling water strikes bed of plunge pool, creates
turbulence and moves standing wave downstream. Poor leaping

conditions.
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Cc

D - c D
TYPE: IA1 TYPE: 11 A 1
DEGREE OF DIFFICULTY: 1 DEGREE OF DIFFICULTY: 2

c D 1 c- D
TYPE: IA2 | | TYPE: T A 2 |
DEGREE OF DIFFICULTY: 2 DEGREE OF DIFFICULTY: 3

Figure 19. Conceptual models of barrier types with the corresponding
degree of difficulty rating.




TYPE: IB1 o TYPE: 1T B 1 .
DEGREE OF DIFFICUTY: 2 DEGREE OF DIFFICULTY: 3

TYPE: TIB2 _ TYPE: 1 B 2
DEGREE OF DIFFICULTY: 3 DEGREE OF DIFFICULTY: 4

+ Figure 19. (Cont.)
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TYPE: IC1 TYPE:

. I c 1 ;
DEGREE OF DIFFICULTY: 3 DEGREE OF DIFFICULTY: 4
ALOW ALOW
—————— : ———

Tg;l:EE oF 2OIFFICULTY: 4 | TPE: [l c2
D F ' o DECREE OF DIFFICULTY: 5

Figure 19. (Cont.)
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TYPE: 1ID1 " TYPE: 11 D 1 ‘
DEGREE OF DIFFICULTY: 5 DEGREE OF DIFFICULTY: 6

TYPE: ID2 TYPE: 11 D 2
- DEGREE OF DIFFICULTY: 6 ' DEGREE OF DIFFICULTY:'7

Figure 19. (Cont.)
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CLASS:
TYPE:

DEGREE OF DIFFICULTY:

MAGNITUDE:
DISCHARGE:

COMMENTS:

Figure 20. Sample barrier classification sheet.
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ANALYSIS OF BARRIERS

For determining fish passage success at waterfall and culvert barriers
the hydraulic conditions must be evaluated and related to fish capabilities
for the species in question. This chapter contains a detailed analysis of:

1.: plunge pools (fish entrance zone);

2. landing conditions (fish exit zone);

3. falls (fish passage zone); and

4. chutes (fish passage zone);
and a discussion of the parameters which prohibit fish passage in
cascades. |

The most complicated aspect to analyze in barriers is determining how
white water and turbulence affect the fish's swimming.and leaping capébil- '
ities. Turbulence in "fluid mechanics" terms occurs when the viscous
forces are weak relative to the imertial forces. The water particles move
in irregular paths which are neither smooth nor fixed but which in the
agqregate still represent the forward motion of the entire stream. In open
channel flow, turbﬁlence is present if the Reynolds number R = (VL)/v ié
large, say greater than 500 (Chow, 1959). For this study, turbulence will
be used to visuaily describe flow patterns which are in a constant changing
state of surges, boils, eddies, upwellings and vortices. Jackson (1950),
.noted turbulencé deflects a swimming fish from its course, causing it to
expend energy resisting upwellings, eddies, entrapped air and vortices,

which in turn make it impossible for a fish to use its swimming power
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effectively. Stuart (1964) noted that the ohly known effect turbulence has
.on fish is that the reduced density of the air-water mixture reduces the

propulsive power of the fish's tail.

Because of'the violehce in turbulent flow and the effect it.has of
reducing fish capabilities, it will be assumed.fbr this study‘that aﬁy
waterfall that is steep enough to accelerate the flow into violent tur-
bulent white water is a total barrier to all fish species attempting to.
' swim up the barrier. Fish can only pass if they,leaﬁ and clear the area of
turbulence before landing.

The analysis presented in this section is applicable to aif waterfall
and culvert barriers as long as the parameters needed for the analysis can
he measured or estimated within ranges of practical values.

Plunge Pool Requirements

The behavior of a falling jet of water as it enters a pool depends to
a great extent on the pool depth. If the pool is shallow fhe jet may
strike the bottom and be deflected downstream. A good takeoff pool is
essential if fish are to leap td-any height. If the turbulent pool
conditions created from the fhlling water impacting the shallow pool
prevent a good take off, a relatively low fhli may act as a total barrier.
If the pool is deep enough to absorb the falling water, a standing wave
will form, which assists the fish's leap, in the form of a vertical
velocity component created by the pool surface
(Aaserude, 1984). Air bubbles are created by the mixture of airjand water
as the falling water impacts the surface and entrains large quantities of

air.
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At falls and chutes aeration reduces the impact force of the falling
water. The energy of a fall can be mastly dissipated due to transformation
of aerated water into mist. At falls of.medium height, but beyond the
range'of the fish's leaping capabilities, the impact produced by the
emulsion of air and water may be reduced so that a false clue to the actual
fall height is obtained by the fish. Stuart (i964) observed numerous
'salmon leaping over a period of several hours, constantly attaining a leap
height of 4 to 5 ft, at a high impassable fall of around 30 ft; but the
height attained by the fish was much less than the recorded maximum at
other passable falls because of the feduced attraction flow.

Stuart (1964) suggests a ratio exists between the fall height (thé
vertical distance from the falls crest to the plunge pool surface) and the
plunge pool depth which provides the best standing wave for leaping. He
identifies this ratio as’1:1.25 (fall height/plunge pool depth). Aaserude
(1984) studied standing waves and concluded thét the charaéter of the
standing wave is closely related to the jet shape which strikes the plunge
pool, and tﬁe depth of plunge can be estimated as S.5 (d), where d is
defined as the diameter of the circle that can be superimposed completely
" within the boundaries of the jet cross-section at the plunge pool surface.
Stuart's ratio does not consider jet shape.

From a research project the aﬁthor participated in observing fish
leaping over weirs at Johns Creek Fish Hatchery, near Shelton, Washington
(Aaserude, 1984), it was concluded that two conditions should be satisfied
to provide optimum leaping conditions in pluﬁge pools:

1. depth.oflpenetration of the falling wafer (dp) should be less than

the depth in the plunge pool (dpp), and
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2. depth of the pld;ge pool must be on the order of, or greater than,
the length of the fish (LF’ attempting7to pass.

.. These two,cqnditions assure the plunge pool will be stable with sufficient

depth so the fish's orientation and propulsive power will be unimpaired.

The relationships for analyzing.a plunge pool are shown in Table 6.

Table 6. Relationships among plunge pool depth, depth of plunge and fish
length for optimum and poor leaping conditionms.

Depth and fish length relationships = Effect on fish

1. dp > dpp | Turbulent pool condition
disorients fish.

Standing wave reduced and
moved downstream from where
the falling water strikes the
bed of the plunge pool.

2. dp < dpp
a. LF > dpp 4 Propulsive power of fish's
' : tail may be reduced for
leaping.
b. LF < dpp | Optimum plunge pool
. conditions. v
where: dp = depth the falling water plunges beneath the pool surface,
dpp = depth in the plunge pool measured at the point of plunge,
and
LF = length of the fish attempting to pass.

Landing Conditions

When fish leap at waterfalls, often the landing conditions near the
crest are such that the fish may be swept back by high velocities, or

unable to propel themselves in water depths less than their body depths,
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where they are not totally submerged. Stuart (1964) notes that when fish
leap.towards the crest of a waterfall, they are geared for immediate
propulsion when they land. The slightest delay in reaction would cause the
fish to lose ground and be swept.back over the waterfall. He also observed
fish landing near the crest, relaxing their swimming effort immediately if
they began to lose ground, and then were swept/backwards. Even if fish are
successfully passing a given waterfall, improvements of the landing
conditions can reduce stress on the fish and further open the "window of
passage".

If the velocity and depth of flow near the crest cannot be ﬁeaspred
far a range of stream flows, an analysis near the crest of a fall or chute
can be made by locating the point of critical dépth and measuring the
channel cross section at that point. Critical depth in open channel flow
is that depth for which. the specifié energy (sum of depth and velocity
head) is a minimum, énd the Froude number Fr = V/(gL)l/z, is equal to
unity. Critical depth is also a "stream control,” which determines a
depth-discharge relationship. If the fish exit bed slope (Se) is negative
(increases in elevation in the direction of flow) critical ﬂepth will occur
at the crest for a fall or chute. If the exit slope is positive (dec-
reases in elevatioﬁ in the direction of fiow) critiﬁal_depth will occur at
the crest for a chute, but will occur some distance upstream of the crest
for a fall. If critical depth does not occur at the crest, the fbllowing
steps will locate the point where critical depth occurs:

1. measure the mean depth of flow some distance upstream of the

crest,
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2. calculate the equivalent pool elevation from
pool elevation = bed elevation + measured
depth of flow + hy@raulic depth/Z, where:
hydraulic depth = cross sectional area
divided by the top width, |

3. measure the pool elevation some distance upstream of the crest
where the water is quiet,

4. if the pobl elevation (meaéured) = pool elevation (calcﬁlated) the
critical depth occurs at the point where the depth of flow was
measured, and

5. if the pool elevation (méasured) > pool elévation (cglculated),

" move farther upstream and ‘return to step l.

This analysis is required because of the effect of the approach
velocity. As Se increases from zero to some‘positive valqe.;ﬁp approach
. velocity will increase and critical depth will occur fhrther‘ﬁpstream. If
the fish exit slope is steep anh thus flowing at supercritical flow,
critical depth will not be reached and the ianding condition should he
analyzed as a velocity cﬂute.

It can be shoﬁn mathematica%ly (Henderson, 1966) that critical depth
occurs. in any channel shape when: ! | .

02/9 = A3/ ‘ ‘ : ®
where =Itotal stream discharge in cfs, W = surface width of tbe_waterway
in ft, g.; acceleration of gravity in ft/sec?, and A = flow area of the
cross section. Since most natural channels are of irregular shape and can -

be composed of several distinct subsections, the solution of equation 9)
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for rectangular and triangular sections ﬁill -allow computation of the
discharge as a function of the critical depth for any irregular chanﬁel
- shape. For rectangular shapes:

Q = (A3g/w)0-5
but A = W(d¢) whete dc = critical depth in ft, so substitution yields:

Q = (W)(g)0-5(qc)1-5, | |

and using g = 32.2 ft/secz'yields:

0 = 5.7(W)(de)!-5 v . ( 10)
For triangulaf shapes the substitution is: |
A = W(d)/2

which yields the following equation for triangular shapes:

Q = 2W(dc)L-5
Rut substituting W = d¢/S where § = slope‘of oné side of a triangle in
. percent yields: |

0 = [2(dc)2-5)/s ‘ _. (11)

Once the discharge has been solved as a function of the critical
depth, substitution of a range of migration flows ﬁill give fhe critical
depths, which can then be compared to the fish depth (df) to determine if
the fish ﬁill be totally submerged. Also, the mean velocities can Be
calculated from:

ve = Q/A, (12)
where Yc = mean velocity at critical depth, ( = stream discharge, and A -
cross sectional flow area.

Optimum leaping conditions exist when the water velocity near the
cfest is less than or equal to the sustained swimming speed (VFS) for the

species in question, and the depth of flow is greater than the fish depth.
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At sustained speed, fish can thction normally without fatigue  (Hoar and
Randall, 1978), and therefore are able to swim whatever distance is
required before locating a resting area. If the water velécity‘ié greater
than the sustained swimming speed, the landing conditions should he
analyzed as a chute because the distance the fish can swim will decrease as
the water velocity increases above the sustained speed. ‘

The relationships for analyzing the landing conditions at the crest of
a fall or chute are shown in.Table 7. An example calculation will show how
this analysié can be used. |

Table 7. Relationships between fish depth, critical depth, mean velocity
and sustained swimming speed for optimum landing conditions.

Velocity, depth relationships Effect on fish
1. d¢ > d¢ ' Propulsive power of fish will be
. o reduced
2. d4f < d
a. V¢ > VFS Landing conditions should be

analyzed as a chute
b. V¢ < VFS ‘ Optimum landing conditions
Where: df = depth of fish,

dc = critical depth calculated from a rénge of migration flows

(equation 9) if dc occurs close enough to crest for fish to
reach, or

= depth near the crest where fish may land if the critical
depth occurs too far upstream for the fish to reach,

Vc. = mean velocity at critical depth if critical' depth occurs
close enough to crest for fish to reach, or

= mean velocity near the crest where fish may land if the
critical depth occurs too far upstream for the fish to reach,
and

VFS = sustained swimming speed for the species in question from
Table 1.
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Example: Given the irregular channel shape in fig. 21, determine the
discharge (0) in cfs as a function of the critical depth (dc)
assuming critical depth occurs at the crest, and calculate the
critical depth that will occur at migration flows<of 5, 20 - and 50

\ cfs, and the correspondig mean velocities from equation 12. Using

. Table 7, determine the effects on an adult steelhead trout with a

maximum fish depth (df) of 0.5 ft.

Figure 21. Irregular crest shape used for landing condition analysis
example. ‘

The channel shape in Fig. 21, can best be ‘represen'ted‘ by the combination of
a rectangle (section 1) and a triangle (section 2). fﬁerefbre:

Qtotal = (1 + Q2
where: Q1 = 5.7(W) dc1:5, from equation (10), and Q2 - [2(dc)2:51/S from
equation (11).Substituting, W =5 ft and § = 0.50 yields:

01 = 28.5(dc)15 and Q2 = 4(dc)2-5.
Therefore, the discharge as a function of critical depth is:

Q = 28.5(dc)1+5 + 4(dc)2-5.

Substituting Q = 5, 20 and 50 cfs, and solving for d, and Ve gives:
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0 (cfs) dc (ft) Ve (fps)

5 : 0.30 ’ 3.1
20 ' 0.74 4.7
50 1.30 6.1

From Table 1, the sustained swimming speed for steelhead is, VFS = 4.6 fps.
Usinq Table 7, the effects on fish are: |

1. At 5 cfs; df > dc and |

2. At 50 cfs; Ve > VFS.

‘The only dischérge which provides good landing conditions from Table 7 is
20 cfs. At the other two flow rates, passage will not be blocked, but a
higher passage success rate may be obtainable if these conditions were not
present. |
This exampie assumes the fish lands at critical'depth, and therefore
is not applicable if critical depth occurs some distance upstream of the
crest. In that case tbe fish would land in ﬁigher vglocifies and shal-
lower depths between critical depth and the depth at the falls crest.
In summary, for analyzing landing conditions near the falls crest, the
following factors must be considered:
1. The depth of flow where the fish lands must be equal to or greater
than the depth of the fish.
2. The velocity where the fish lands should be within tbe range of
the sustained swimming speed for the species in question.

3. The velocity and depth should be analyzed under a range of fish

migration flows.
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Analysis of Falls

The most obvious obstruction at falls is when the change in Wafer
surface elevation between pools (l4) exceeds the leaping height (HL)‘of the
species in question. For Pacific salmon and steelhead trout, the highest
calculated height of leap from level pool using equation (6) and OL = 90°
is 10.9 ft (steelhead). Therefore, falls where the change in water surface
elevation is in excess of 11 ft can be considered for all practical
purposes a total barrier to all species of Pacific salmon and steelhead
trout. Evans and Johnstone (1980) suggest for natural bedrock waterfalls
that if the vertical drop is more than 6 feet, it should he considered to
he a barrier for salmon and steelhead without further study.

Often, though, the actual distance the fish must leap is greater than
the Vertiealbdrop between pools. Unless the water isifhlling verticaliy,
some horizontal component of the leap (XL) will be fequired for successful
passage. If the horizontal distance the fish must leap‘cannot he measured,
and the geometry of the falls is such that the water breaks off the crest
and is unobstructed until it strikes the plunge pool, then this distance
can be calculated. The calculation requires knowledge ef tﬁe velocity of
the water and the angle of trajectory at the crest (Fig. 22). An example
of Where this analysis would apply is at a cantilevered culvert outlet.
Using the equations for projectile motien, developed in the fish capability
section, the horizontal distance the water travels before striking the
Plunge'poollcan be calculated froh:

XP = VWc[cos(@Wc)Jt | | (13)
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where XP - horizontal distance from the crest to the point of the falling
water, VW, = velocity of the water as it leaves the crest, OW; = angie at
which the water leaves the crest at in relation to the hor‘lzontaﬁ,;and t =
time. To use equation (13), meésunements of VW, and OW. are réquired
before t can be 4ca_lculated from:

o= [Vic(sin@uc)lt - (1/2)gt2 : (19)

Figure 22. Leaping analysis parameters.

51




where H = change in water surface elevation (measured), and g = acceler-
ation of gravity (32.2 ft/sec?). If the approach flow is from a negative
o nonsustaining slope (rises in the direction of flow) then 6W. < 0, and
equation (14) can be solved as a function of t, or:

t = [2(H)/g10-5, | |

and XP = VWc[2(H)/g)0-8 (15)

If the approach flow is'from.a positive or sustaining slope (elevation
decreases in the directiﬁn of fldw) then OW. > 0, t must be found by using
the quadratic equation, and then substitute t into equation (13) to solve
for xp. Once XP has been determineq, adding the distance from the point
where the falling water strikes the plunge pool to the standing wave (the
point just downstream of the falling water from which fish most likely
leap) gives X. , | |
This analysis shows that even if the height the fish can leap (L) is
greater than the change in water surface elevation (H), and X.is greater
-than XL, then a leaping fish will not reach the crest at the top of its
leap. It will either fall short‘bf the crest on its way down or reach the
crest as it continues upstream on its descending parabolic path. These
conditions are shown in Figure 23 for a steelheéd trout. If the water
surface profile of a barrier is superimposed on the fish leaping curves
(Figure 23), the possibilities for a successful leap at a given leaping
angle can be analyzed. The wide solid line shown is a falls barrier on
EldoradoCreek in Idaho (Figure 24). The distances I and X were measured
at the site. It can be seen from Figuré 23 that a leaping angle of 60

degrees would allow passage. 80 and 40 degrees fall short of the crest by
about 6 ft. | | ‘
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éngle,‘ looking again at Figure 23, for a watéf surface slope of 29°,the
optimum leaping angle was 60°. Since the fisﬁ is sighting the crest from
some horizontal distance of 12.3 ft and a vertical distance of 6.7 ft the
angle is some function of X and H. For this example in Figure 23, solving
for H as a function of X gives:

H/X = tan OL = tan 60° = 1.73

where 0 = change in water surface elevation, X = horizontal distance from
the point where the fish will leap (or standing wave) to the crest, and 6L
= leaping angle. Holding X constant and sol§ing for H gives:

H= X(1.73) = 12.3(1.73) = 21.3 ft
Since the measured value of H was 6.7 ft, this value is approximately 3
times larger than éhe measured H.. This is because the fish does not leap
on a straight line, its path is pa;abolic and therefore to reach the crest
the optimum leaping angle, 6L, should be:

oL = tan-1 [3(H/X)] ' | (16)
This is the leaping angle equation.

Table 8 describes the two conditions that must be analyzed to deter-
mine whether or not a fall is a barrier, assuming the plunge pool and

landing conditions are not adverse.




Table 8. Conditions for analyzing a fall assuming- plunge pool requirements -
and landing conditions are satisfied.

Water Surface Drop and Leaping Form of Barrier
Capability Relationships

1. BHL ' elevation barrier
2. H<HL
a. X>XL (Superimpose water surface E passable or horizontal
profile on fish leaping distance barrier
curves, Figures 7, 8 and 9)
b. X<XL ‘ passable
.Where: H = change in water surface elevation (measured),

B

height the fish can leap from Equation (6),
X = horizontal distance from the crest to the standing wave, and

XL = horizontal distance of the fish's leap at the highest point -of
the leap from equation (M.

Analysis of Chutes

In natural streams uniform flow is rare. However, the uniform-flow
~condition is frequently assumed in the computation of flow in natur#l
streams. The results obtained are approximate and general, but offer a
relativély simple and satisfactory solution for aﬁalyzing the velocities
fish must swim égainst. Laminar uniform flow rarely occurs in natural
channels, so turbulent uniform flow should be used for all velocity
calculations in chutes.

From the definition of chutes, the flow must be supercritical down the
chute (Froude number is greater than unity). At the'start of the chute the
flow will pass through critical depth and then into a transition zone of

varied flow for some distance before uniform flow is established. If the
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chute length is shorter than the transition length required to reach normal
depth, uniform flow cannot be attained. The length of the traﬁsitioh Zone
depends on the discharge and on the:physical conditions of thé'channel,
such as entrance condition, Shape, slope and roughness.

For hydraulic computations thejmean velocity of a turbulent uniform
flow in chute§ cah‘be expressed by Mannings equation

v = (1.49/n)(R)0-67(5;)0.5 an

where V = mean velocity of flow in fLS, n = empirical roughness coeffi-
cient, R = hydraulic radius in ft, 'and Sp = passage slope (or bed slope).
Outlet velocities in chutes computed by assuming uniform flow'wiil give
conservative estimates of velocity, because as the fish'approach the
transition zone the mean water velocity will be féduced. In cleérts, the
water surface profiles can be calculated because of the unvaryihg Ccross
section, constant bed siope and uniform roughness throughout. Frqm‘eQuation
(17) it can he seen that the mean vélocify varies as the slope f; the 0.5
power, hydraulic radius t; the 0.67‘powér and roughﬁess to the -1.0 power.
Since the mean velocity is highly dépendent on n, it is importaﬂt that the
proper value qfllbe used. Chow (1959),suggests the following values for
Manning's n, shown in Table 9. vé problem arises when one‘vélﬁe'of ; is
selected, bécause n changes as the depth of fiow changes as well as the
slope, discharge and cross-sectional Shape. ?his is shown in Appendix II.
Three tests were run with identical bottom and side roughness, and n

increased as the slope and depth of flow increased.
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Table 9. Manni ng'sn value for corrugated metal pipe and bed rock (from

Chow, 1959).

Surface Material Manning's n

Culverts (C.M.P.) 0.02_4

Red Rock ‘ .
smooth min-0.025 max-0.040
jagged ' . min-0.035 - max-0.050

The hydraulic radius is calculated by dividing the flow area by the
wetted perimetér. If the cross-section cannot be lmeasured, a method can he
applied to estimate the hydraulic radius that gives values with errors less
than 5% This method was suggested by Renard and Laursen (1975), but the
author has expanded the method. It is .used to estimate the hydraulic
radius for rectangular and symmetrical triangular shaped channels, or
combinations of such basic geometric shapes. For rectangular channels
where the average stream width divided by the average depth is greater i:han
35, the hydraulic radius can be estimated by the average depth of flow. If
the average width divided by the average depth js between 10 and 35; the
hydraulic radius can be estimated by 0.9 'times the average depth. - If the
averaqe width divided by the average depth is less th5n or equal to 10, the
hydraulic radius can be estimated by the following equation |

R= d[0.524 log (W/3) + 0.35] - (18)
where: R = hydraulic radius, a = average depfh in a rectangular chaﬁnél,

~and w = average width in a rectangular shaped channel. For symmetrical.
trianqular shaped channels where the average stream width divided by the
maximun depth in the center of the stream is gréater than or equal to 7,
the hydraulic radius can be estimated by 0.5 t:imes the thalweg depth

(maximum depth). If the average width divided by the thalweg depth is
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between 3 and 6; the hydraulic'radius_can be estjmatéd by 0.45 times the
maximum depth; - If the éverage width divided by the maximum depth is less
than or equal to 3, the hydraulic radius can be estimated by

R= d¢[0.36 log (w/dy) + 0.23] (19
where: d¢ = depth at the thalweg; and W = average stream width for the
~triangular channel section. These c&nditions are summarized in Table 10.

Table 10. Hydraulic radius as a function of the width and -depth for
rectangular and triangular shaped channels.

Width : Depth Ratio " Hydraulic

Channel w/d (rectangle) Radius
Shape - w/dy (triangle) (feet)

235 3(1.0)
Rectangular '10<w/d<35 . ‘ 1‘3(0,9)

<10 a[0.524 1og(w/@) + 0.35]

27 d,(0.5)
Symmetrical -
Triangle 3<w/dtf5 d,(0.45)

<3 d¢[0.36 log (W/dy) + 0.23)

1

An example will show how this information can be used to estimate the mean

flow velocity in a chute.
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Example: Determine the veloéity at the bottom of a chute the fish
| must face given that the bed material is jagged r.ock,A the

channel shape is rectangular with an average width of 20 ft,
andiaverage depth at the bottom of chute is 1 ft. The bed
slope is 0.4.
for jagged rock, n = 0.035 to 0.050.
For a reétangular channel shape and w/d = 20, R = 0.9 (d),
or R = 0.9(1) = 0.9 ft. |
Therefore, assuming uniform flow (because of the steep slope
and a short transition from critical depth near the crest),
the velocity can be estimated using equation (17):

. v = (1.49/n)R0.6750.5
0.035, yields: ‘

~using n
' V = (1.49/0.035)(0.9)0-67(0.4)0.5

V=251 fps
0.050, yields:

using n
V= (1.49/0.050)(0.9)0-67(0.4)0.5
v =176 fps :
Therefore, depending on the roughneés, the velocity at the
bottom of the chute will véfy between 17.6 and 25.1 fps.
The actual velocity the fish must swim against can be reduced from the mean

velocity if the water depth isgreat enough so the fish can swim near the

boundary layer at velocities less than the mean.
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gy at dt/72
Figure 25. Fish swimning.in reduced velocities near stream bed.

The velocity‘variation with depth in conduits is lﬁgarithmic, and the
velocity at 0.6 of the depth below the wafer surface is very nearly equal
to the mean velocity in a vertical section (Linsley and Franzini, 1979) .
The velocity reduction is most pronounced nearer the boundary where the -
local velocities may be irregular when vortices are being shed béhlnd large
roughness elements. Daily and ﬁarlgnan (1973), suggest the'fbllowing
formula for calculatipg the mean velocity in the case of a rough wall:

G/u, = 5.6 log (y/k) + 6.1 - | ' f (20)
where: U = ‘temporal mean velocity, u, = shear velocity, y = mean depth of
floW at which u is calculated and:k = height of dominﬁnt bed méterial. The
shear velocity (U*) can be calculated from (Henderson, i966)

u, = (gRS¢)0.5
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where g = acceleration of gravity, R = hydraulic-radius and Sf = friction
slope. Assuming uniform flow conditions exist, the friction slope is
parallel to the bed slope as the resistance to the flow is balanced by the
gravity forces. ’ |

An example of how the velocity in the boundary layer varies from the
mean velocity of flow as depth increases along the centerline il; a corru-
gated metal pipe will be shown. (Table 11)..

Table 11. Fish ‘swimming in a culvert at velocities less than the mean
velocity of flow.

Depth of flow Mean Velocity at - ‘Mean velocity at Velocity
(d), ft 0.6 (d), fps y = 0.3 ft, fps Reduction
(half fish depth) .

1 » 8.2 ' 7.5 %

2 13.3 10.0 | 2 5%

3 16.9 .11.6 31%

4 19.5 ' 12.6 35%

5 - | 20.6 12.8 | 38%
Assumptions: 1. Culvert diameter (D) = 6 feet.

2. Héight of éorrugations (k) = 2 inches A(Standa'xrd
dimension, American Iron and Steel Inst., 1971).

3. Uniform flow occurs at a culvert bed slope of 5%.
4. Fish depth (df) = 0.6 feet, therefore to calculate the

mean velocity the fish will swim against use y = (df)/2
= 0.3 feet, using Eq. (20).
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This table shows that as the depth of water increases the velocity the fish
must swim against near the culvert bottom (compared to the mean velocity)
decreases. For smaller fish the gain will be more significant, but local
‘eddies may disoriént them. Equation (20) can be rearranged in terms of
the minimum mean velocity the fish could sﬁim against at the bed of a chute
as: |
Uf = (5.6 log (df/2)/k + 6.1)(gRS¢)1/2 (21)

where: Uf = minimum mean velocity the fish could swim against near the bed
of a chute, df = depth of fish, g =lacceleration of gravity, R = hydraulic
radius and Sf = friction slope or bed slope for uniform flow conditions.

Velocities in natural rock chutes are seldom simple to analyze,
because of the wide variations in channel shape and bed roughnes;. When
flow occurs on a steep rock chuté.‘large amouﬁts‘of air mayjﬁe carried
belbw the water surface in the highly turbulent flow. This entrainédvair
reduces the density of the fluid, resulting in an increase in voiume called
" bulking. Although not.strictly applicable, the Manning equation is often
used to design channels on steep slopes ‘and the cross-secfions thus
determined are increased by an afbitrary bulking allowance to provide for
air entrainment. Hall (1943) has presented empirical data for smooth
concrete chutes which permit use bf a modified value of n in the Manning
equation to allow for the effect of air entrainment.

if‘the channel shape can be surveyed and a cross section determined,

applying the continuity equation:

Q= A | | @
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éan yield estimates of the average water velocity-whereﬁ Q = flow rate in
the meésured cross section, A = cross-sectional afea of channel, and V =
mean velocity of flow. .This method was used at Hell's Gate on the Fraser
River in British Columbia to es.timat_e. the velocities sockeye salmon were
facing as. they attempted to negoti.ate the obstruction. The flow patterns
at Hell's Gate could be described as a constantly changing state of
turbulence, where the water surges, boils and entraps huge volumes of air.
Because of these flow patterns and the extremely rough channels, Jackson
(1950) noted that the average velocities computed this way are inaccurate.
Using equation (22), if the cross-section is measured at some point in the
chute, a stage-discharge relationship can be devel;)ped so as the discharge
increases or decreases, the\ mean flow-through velocity can be estimated.
When analyzing a chute, the depth of flow should be greater than the
depth of the fish, or the fish will not be able to make full use of its
propulsive power. In a study conducted at Johns Creek Fish Hatchery ne.;u'
Shelton, Washington by the author (Appendix II), chum and coho salmon were
observed swimming up a velocity chute. At a depth of 0.13 ft, a 0% passage
success rate was recorded for both species. When .the .depth was increased
to 0.66 ft, a passage success rate of 100% was recorded for chum salmon at
a water velocity only slightly less than the first test. The mﬁximum depth
of chum salmon was 0.65 ft. The results of .thése two tests show the
importance of the depth of flow for the fish to achieve successful passage.
Table 12 describes thé two conditions that must be analyzed to determine
whether or not a chute is a barrier assuming the plunge pool requirements,

landing conditions and depth of flow are sufficient.

64




Table 12. Conditions for analyzing a chute assuming plunge pool requlre-
ments, landing conditions and depth of flow are sufficient.

fater velocity, fish speed,

slope length "and fish Form of Barrier
performance relationships '

1. VW > VF velocity barrier
2. VW < VF | |
a. IS > LFS. | distance/velocity barrief
~b. LS < LFS passable

where: Vi = velocity of water (measured or calculated),

VF

fish speed from equation (2),
. LS

lenqth of slope (measured), and

LFS= distance the fish can swin from Figures 10, 11 or 12..

Cascade Barriers

A céscade was described in the introduction aé a reach of stream with
large boulders or jutting rocks that obstruct the flow. This obstruction
‘ hsually results in a nérrower stream width, sharp changes in flow‘bound-
aries, and consequently high velocities and violent conditions. If the
bed slopé over the reach is steep enough to accelerate the flow, white
water and turbulence will consume most of the channel and offer little or
‘no resting areas for the migratiﬁg fish. If the reach is not too steep,
the obstructions in the stream can create godd resting areas as the fish
work their way through the cascade.

Cascades are usually located:in areas with steep topograbhy (canyons)
and are Very difficult tolsurvey because of the high velocities, ﬁeep pbols

and turbulence. Cascades usually persist as either boulder cascades
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or turbulent cascades. Boulder cascades. consist of boulders in the
stfeaﬁ that are large enough to providevresting'areas for the fish in their
wakes..To analyzé a boulder cascade, applicatidn of the four fbllowing(‘
steps can be heléful:
1. measure the total drop in water surface over the entire reach,
2. determfne the number of paths and/or steps per path the fish must
pass within the reach,
3. estimate the water surface drop and/or velocity the fish must
negotiate to successfully pass each step in each path, and
4. locate restiég areas between each step (on each path) where the
fish may rest before attempting to pass the next step. |
Often the flow between obstructions (boulders) can act like flow down a
-short chuté. Douma (1943) noted that for short chutes, the velocity mﬁy be
“determined by: |
Ve = (2gH)0-5 o | (23)
‘where Vg¢ = velocity down a short chute, g = acceleratioﬁ of gravity, and
H = total vertical drop between two pools. Using:this analysis, if any
step within the reach has velocities or elevation drops in excess of the
fish's capabilities, or resting areas are not present between each step,.
the cascade would be a barrier to fish. |
Turbuleht cascades present the fish with a v#riety of difficulties,
but usually the excessive velocities and excessive turbulence is‘enough to
obstruct passage. These two conditions were studied extensively at the
Hell's Gate obstruction (Jackson, 1950). Velocifies were measured by
methods described earlier, but the turbulence could not be measured in any

manner that could be related to passage success. Turbulence in cascades
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serves to deflect a swimming fish from its course, causing it to expend
energy to resist up-wellings, eddies, entrained air and vortices. Most of
the fish's energy is utilized simply to maintain pbsition and direétion at
the foot of a high velocity obstacle (Jackson, 1950).

To analyze a turbulent cascade, application of the three following

steps can be helpful:
1. time floats through the cascade to get an approximate surface
velocity (float§ may be delayed in eddies);
-2, obsérve possiblé resting areas and zones of reduced turbulence and
velocity near the banks and behind obsfacles; and
3. locate points of extreme upwellings and surges in the cascade
which might deflect a fish from its swimming path.v
If the surface velocities are excessive, ,there may be a pafh’ ‘for the fish
to pass along the stream bank, away from the excessive velocities and
upwellings in fhe main channel..
In summary, this section has presented a detailed anaiysis of four
coﬁponents which affect fish passage at waterfalls and culvert,é:
1. ﬁlunge pools;
2. landing cbnditions near waterfall crest;
3. falls; and
4." . chutes.
A discussion of the parameters involved in each component, followed by a
table summarizing the important conditions to analy'ze have been presented.'
Also, a discussion of hydraulic/f“ish ca'pabllitiel in cascades’ is introduced -
with steps to follow which will aid in determinihg the effect on fish

passage success.
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SITE ANALYSIS AND SOLUTIONS

The generatioh of solutions to fish passage problems at barriers is
dependent on the parts of the analysis performed. If the barrier is total,
the.analysis will reveal the'parameters which excéed fish capabilities.
Thelgeometric conditions can be altered to reduce the excessive paraméters
and assist fish passage. Evans and Johnston (1980), suggest the following
corrections for natural bedrock waterfall barriers: |

1. Dam the plunge pool below the falls.

2. Blast a plunge pool below the falls.

3. Blasts series of pools through the falls.

4, Pr;vide a-fish ladder over the falls.

.According to Evans and Johnston (1980), the plunge pool should be raised so
- the depth is 1.5 to 2 times deeper than the barrier is high. They also
suggest that blasting a series of pools through the fhlls is only practical
for bedrock falls under 10 feet in height.

These corfection.methods have been employed successfully by the U.S.
Forest Service and State Agencies in Washington (SchoettlerZ, 1953), Oregon
and Alaska. To build vertical-slot fishways at remote barrier sites on
British Columbia rivers, engineers working for the Salmonid Enhancement
Program (SEP) have perfected blasting techniques that allow natural rock to

be used as the floor and sides of the fishway - (Salmonid, 1983). This

i  Schoettler, R.J., Improvement of Minor Falls, Federal Project No.
852-W-SI-10, Dept. of Fisheries, State of Washington, 1953.
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innovation, along with the use of precast concrete panels flown in by
helicopter, has resulted in substanéia{ cost‘savings. Kerr, et al; { 1980)
suggest techniques to remove or bypass obstructions:
1. A steel bar can be used to hand pry and roll‘rocks for sélective
placenment.
2. Larqe rocks and boulders may be removed and/or relocated utilizing
slings with block and tackle.
3. Large boulders may be reduced to a size that can he readily
removed, using a portable gas-powered rock driil or with explo-
‘sivesi
Removal of an obstruction during egg incubation could cause serioﬁs
mortality by silting the downstream: spawning bed.
Of the few project reports published, no information was found on the

pre-construction or analysis phases except the mention of the height of the

B

barrier.

The objective of this section ié to evaluate "parameter specific"
solutions with varying degrees of construction difficulty. For example, if
the height of a harrier is determined to not be excessive, but the fish
cannot reach the crest, then one of three things (or a combination) may he
happening: .

1.' The plunge pool hydraulic characteristics are such that the

propulsive power and tﬁe orientation of the fish's ieap are
. affected (Table 6); and/or

2. The horizontal distance (or range) which a fish lepps is exces-

sive compareh to the actual horizontal distance the fish' must leap

to reach the crest; and/or
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3. Flow over the waterfall is diagomal, or concentrated on one side,
thus providing the fish with a false directional stimulus.
Analyzing these components will suggest the excessive parameter(s), that
must be reduced. Without this analysis the height of the falls may have
been reduced when it was not excessive to fish passing in the first place.
In-depth analysis 6f this type will often reduce site construction' costs

and assure correction of the real passage problems. -

The solutions to waterfall and culvert barrier physical problems are
~ directly dependent on the analysis. If the velécity in a rock chute or
culvert is excessive (Table 12), then the velocity and/or the length must
be reduced. Assuming that Mannings equation (17) is exact, the components
thét would reduce the velocity ih descending order of effectiveness are:

1. increase the roughness coefficient(n); |

2. decrease the hydraulic radius; or

3. decrease the slope.
Adding baffles to culverts essentially increases the roughness and
decreases the hydraulic radius. If the depth of flow at the crest of a
falls is shallow, then to increase the depth reqﬁires one of three hy-
draulic changes:

1. increase the discharge,

2. decrease the»crest'width; 6r

3. decrease the velocity.

These solutions can be incorporated at the crest of a waterfall
barrier by using instream control structures such as gébion baskets, roék
weirs and small retaining walls as flow deflectors to concentrate the flow.

in order to create an adverse slope, one would need to blast a pool above
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the crest. Each structure placed instream must be carefully analyzed
hydraulically to assure proper functioning as the forces in the stream
channel change with discharge, ice and debris.

| To sh#w how . this analysis/solutﬂon approach to barriers can be used,
two sites were chosen in Western Washington and analyzed for the dischafge
recorded during the site visits. It is imporfant to note that these
examples address changes in parameters which were determined to be exces-
sive from the analysis. When these parameters are changed, the analysis
must be repeated, because the hydraulics of the entire ﬁarrier system may
have changed. |

Red Cabin Creek - Analysis

Red Cabin Creek is a small tribdthry that flows into the Sk#git River
near Lyman, Washington. The barrierion the creek is a culvert located in
the SE 1/4 of Section 3, Township 35 North and Range 6 East. The culvert
runs underneath Camp 17 Road about 3 miles from Hamiltonm, Washington.' The
creek is used by chinook and pink salmon for spawning and contains good
coho spawning and rearing habitat. The culvert barrier is 35 river miles
from saltwater. The outlet of the c@Lvert is sthn in Figure Zs.iﬁote the
2 ft wide wooden scour apron. |

Culvert Description: Starting at the water inlet, the
circular culvert is concreté lined with same patches of
corrugated metal on the bﬁttom. This continues until
about the last 30 ft which is steel pipe. There is a
debris jam about 2 feet high in the middle of the
culvert which should be reﬁoved.
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Using equation- (17) ’
V = (1.49/n)20:.67¢0.5

where V = average ?elocity of flow in fps, n = roughness coefficient (0.012.
for smooth steel surface, Chow, 1959), § = bed slope (measured at 4.4")
(for assumed normal flow depth) , and 1 = area of flow/wetted perimeter in
ft. For circular culverts the flow area can be calculated by:

Af = (7 /180) cos~1T(r-d)/r1r2 -[r2-(r-d)2]0.5(r-g)
where A¢ = area of flow, r = fadius of culvert, and d = depth of flow (or
uniform depth). At the culvert outlet, the flow can he assumed to be
uniforn, and this depth was measured at 0.55 ft on December 8, 1983. |

The wetted perimeter of the flow area can be calculated by:

Yp = (27/180) cos-1[(r-d)/rlr
where Wp = the wetted perimeter, r = radiqs of culvert, and .d = debth of
flow. Solving for A¢ and W, yields:

Af = 1.29 ft2 and 4, = 3.69 ft
Substituting these into‘equation (17) yields:

- v =1{1.49/.012)x{(1.29/3.69)0.67( .044)0. 5
V = 12.9 fps |

Multiplying this vellocity by t;_he‘ floﬁ area, equation (22) .yieldé a dis-
| charge of: , . ' |

0 = VA¢ = (12.9)(1.29) = 16.6 cfs (on 12/8/83)
The distance the fish can swim is a function of the fish cond,ition,' water
velocity and depth of flow. For average sized adult chinook, coho and pink
salmon, a depth of 0.55 ft is probably a minimum, and will fherefore not
reduce the swimming capabilities. Since i?%d Cabin erek is a short

“tributary, with the barrier located near the spawning grounds, a coeffi-




cient of fish condition (Cfc) of 0.75 will be used (description is given in
fish capability section). Using Figures 11 and 12, a water velocity of

12.9 fps, and C¢c = 0.75, yields the following disfances the fish can swim:

Specie Maximum Swimming Distance
Chinook 16 ft
Coho - : 16 ft
Pink Impassable

Because the culvert is 150 ft long, ‘the fish will not be able to negotiate
the culvert swimming against the mean velocity. Also, the shallow depth
forces the fish to swim against the mean flow lvelocity.

The measured outfall height at the end of the lculvel-'t was 2.3 ft, but.
because of ‘the high exft velocity, there was some horizontal compon’ent'to
the falling jéf. This distance can be calculated from equation (13):

- XP = V¥c[cos (BMc)It, |
‘where t can he determined from the equation (14):

M o= fVuc(Ein QW) - (1/2)qt2,
where H = 2.3 ft (measured), VW, = 12.9fps, and @W. = 2.5°.
Substituting in these values yields:

2.3 = 0.56(t) + 16.1(t2),
and solving for t yieldé:

t = 0.36 seconds.

Substituting this into equation (13) gives:

XP = (12.9 cos 2.5°)0.36 = 4.6 ft.

Because of the wooden scour apron, the distance to the standing wave
coyidnot he observed. Therefore, | this distance, XSW (Fig. 22) will be

assumed equal to 1ft. with the apron removed. - This gives a X value of:
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XY = XP o+ XS¥ = 4.6 + 1.0 = £.6 ft

Now X and !l can be 'substituted into the leaping angle equation (16):

oL = tan-1 3(W/x),
where H = 2.3 ft (measured), and X = 5.6 Tt (caiculated). Tﬁerefbre:
oL = tan-l 3(2.3/5.6) =€1°

Superimposing H and X on Figures 8 and @ shows coho and chinook will land
right at the crest, and pink salmon about 1 ft short of the crest, at a
leaping anale of 6AC degrees (dotted lines Figures 27 and 28). This angle
corresponds well with the calculated leaping angle of 51°. Recause of the
high velocities at the culvert outlet, the fish will not be able to land
successfully and swim through. Therefore, the outfall drop is considered a
horizontal distance (or range) barrier with adverse landing conditions.

This analysis has shown that at a dischérge of 16.6 cfs, Red Cabin
Creek culvert is a velocity - lenqth barrier and a leaping range harrier.
Classification for this harrier is shown in Figure 29.

Red Cabin Creek - Solutions

To negotiate the culvert length of 150 ft, the velocities would need
to be less than or equal to 3.4_fp§ for chinook and coho, and 2{6 fps for
pink salmon. In the corrugated mé?al pipe section with increased roughness
coefficient, the velocity would oniy bé feduced to 6.4 fps. Dane (1978)
recommends for culverts greater than 80 ft in lenath, the average velocity
should not exceed 2.9 fps for adult salmon, and that the culvert‘slope
should not exceed 0;51, unless #ppropriate compensatioﬁ is madé by the
addition of baffles within the cﬁlvert. The design on‘culvert baff1es can
he fbund.in McKinley and Webb (1956), Engel (1974) and Watts (1974). The

addition of baffles essentiallylincreasés the value of the rouahness
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SITE: Red Cabin Creek Culvert  DATE: 12/8/84
LOCATION: SE 1/4 of Section 3, T35N, R6E

SITE SKETCH

P - . I
Y

-—
L _ NN
N

1
1

— LLLANNNN .
T ; 1 M

=
D L

.
|
e

g -

. CLASS: Compound (chute/fall)

TYPE: ILC 1
DEGREE OF DIFFICULTY: 4

MAGNITUDE: H=2.3ft X = 5.6 ft
VW = 12.9 fps LS = 150 ft

DISCHARGE: Q = 16.6 cfs

COMMENTS: Wooden scour apron deflects flow at
culvert outlet. Debris jam in middle
of culvert.

Figure 22. Classification of Red Cabin Creel: culvert.
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coefficient, therefore decreasing the velocity and increasing the depth of
flow, creating a pool and weir fishway at lower flows. This could be
accomplished simply by placing roughness eléments on the culvert bottom,
but would not provide resfiné'places as baffles do. Since the slope cannot
be changed, the parameters that could be variedto decrease the velocity to
2.6 or 3.4 fps in equation (17) is the foughness coefficient, assuming

Manning's equation is exact, and the hydraufic radius. To achieve these

velocities, the roughness coefficient should equal:.

Water Velocity - n{roughness coefficient
2.6 fps : 0.059
3.4 fps | ©0.045

In Chow (1959) these roughnesscoefficients correspondto a natural steanm
channel with cobﬂles or large boulders. The actual sizé of the roughness
elements could best be.determined by a model study so that velocity
measurements could be made over a range of discharges and roughness element:
heights and arranqqmenfs.

At the culvert outlet, because the velocity is excessi§e, the fish
could leap into the culvert and then be swept back. ' Therefore assume here
that the velocity in the culvert is reduced in some manner to a value
suggestéd earlier for passage to be achieved. An average of 2.6 and 3.4
fps, will he used or 3.0 fps. From equation (13) this redupes XP to Ll
ft, and X.to 2.1 ft, adding 1 ft fbr the distance to the standing wave.
Calculating the leaping angle fbr‘the new outlet geometry gives: |

OL - tan-1 3(2.3/2.1) = 73° |
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Superimposing the outfall geometry again on Figures 8 and 9 shows that
coho, chinook and pink salmon can successfully enter the culvert at a
leaping angle of ébout 60°, shown as dotted lines in Figures 30 and 31.
Again, this angle is close to the calculated leaping angle of 73°.
Therefore, decreasing the velocity in the culvert to 3 fps will aliow the
fish to successfully swim the culvert length of 150 ft and reduce the hori-
zontal léapina distance. Table 13 is a summary of the problems-and

suggested solutions for Red Cabin Creek culvert. -

Table 13. Red Cabin Creek problems and solutionms.

Problems

Solutions

- Wooden scour apron prevents
fish from entering culvert.

Horizontal leaping distance
is excessive, caused by high

velocities at crest of 12.9 fps.

Velocity in the culvert is
~excessive for a culvert lenath
of 150 ft. ‘

Debris jam in middle of cqlvert'

prevents fish passage.

Remove apron.

Decreasing velocity to 3 fps at
the crest would reduce the
horizontal leaping distance and
allow successful passage.

Add baffles or some type of
roughness elements to decrease
the velocity. Check culvert
capacity to pass flood flows.

Remove debris

Chuckanut Creek Waterfall - Analysis

Chuckanut Creek is located just'soﬁth of Bellingham, Washington; it
flows along the 0l1d Samish Highway and discharges into Chuckanut Bay. The
barrier in Question, figure 32, is located at river mile 1.8, in the middle
of the western 1/2 of Seétion 17, Township 37 Noth, Range 3 East. The
- creek. .bet_xhe barrier is used by chum Salmor in the lt;wer part below the

harrier and coho and steelhead spawnin the creek above re barrier.
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FLOW
l Upstream Pool

Not to Scale

Rock Slope

Velocity Chute

Rock Slope

Survey
Base _

Line bnst of Falls

Steep Sloping
Rock Face

Standing Wave

‘ Deep Plunge
Sand stone/ , Pool/
Rock Overhang

Figure 34. Plan view sketch of Chuckanut Creek waterfall.
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Waterfail Dgscription: " In the upstream section ‘the harrier
begins with a short, narrﬁow rock chute (triangular Cross sectloln)

* which terminates in a 2 to 3 it drop. At the darop there is 3
rock/sandstone overhang which say obstruct passage to the upper
chute of the barrief, Figure 33. The main openinq for passage
appears to presentl a vexj'y shallow depths near the crest. This
waterfall does not appear to he an elevation or §elocity barrier,
but because .of the rock overhang it may present orientation
problems. Steelhead hajve been observed by Dept. of Fisheries
personnel to successfully pass the barrier, hut have also been
observed falling bacl; after landing near the crest.

Hydraulic Analys'is: To analyze the hydraulics at Chuckanut Falls, an

" engineering survey was conducted on 12/8/83 ‘to determine the chute cross
sections and sighificant tbpographic points throughout the barrier. site. A
survey base line was established (Figure 34) and méasuréments of channel
cross-sections taken. Using station 1+07 as a representative cross-section
(Figure 35) for the chute, the velocities can be calculated u§ing equation
(17) with the following values: bed slvope (assume uniform floﬁ), = 7.1-
(measured), flow ar;aa (measured from Figﬁre 35) = 1.5 f t2, wetted
parameter (from Figure 35) = 3.9 ft, and’ roughness coefficient (jaqqed rock
0.035 to 0.050, Table 9). Substituting these values into equétion (17)
.yields for the average velocity at station 1+07:

(1.49/0.035)(1.5/3.9)0-67(0.077)0-5

¥ 6.2 fps, and

¥ = (1/49/0.050)(1.5/3.0)0-67{0.077)0-5

u
n

4.4 fps.

Multiplying the average velocity by the flow area, equation (22) yields a -

discharge of:
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Q( n=0.035) = VA = 6.2(1.5) = 9.3 cfs and

Q(n=0.050) = VA = 4.4(1.5) = 6.6 cfs.
Therefore at station !+C7, the average velocity the fish must face assuming
a discharge of 8.0 cfs is 5.3 fps. A similar analysis was applied to
station 1+00 (Figure 35, the cresf), and an average Velocity of 3.1 fps was
calculated. The velocity decreases near the crest because of the increased
flow area from station 1+07 to H(le

The barrier is kmakxl&nly 1.8 river miles from the salt water, so a
coefficient of fish condition, Cfc, of 1.0 will be used. The distance the

fish can swim for the average velocity calculated (5.3 fps) is given by

Figures 10, 11 and 12 as:

Specie : . Maximum Swimming Distance
Steelhead ' , 105 ft
Coho , - | 80 ft
Chum ' ‘ 48 ft

Since the chute is only 12 ft in length, if the fish can get into the chute
they will easily pass the barrier. |

" The upper chute terminates in an overfhlllwhere fhe water breaks off
the crest (which is angled to the flow) and strikes the plunge pool. - The
change in water surface elevation from the crest to the plunge pool was
measured at 2.7 ft. Because of the.overhanging rock on the right side of
the fall (left Yookina upstream in Figure 32) the fish are forééd to leap
at the right .side (looking upstredm) , where the water breaks off the crest
and flows down a short chute (7.5 ft Iona)‘at a measured depth of C.1 ft.
Because of the shallow depth it is not possible for the fish to swim up

this chute, and therefore they must leap to pass.
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" The distance X was measured to be 8 ft. Using equation (16), and the
measured H and X values of 2.7 ft and 8.0 ft respective1y4gives a leaping
angle of:

oL = tan-13(H/X) = 45°
Superimposing H and X on.the fish leaping curves (Figures 7, 8, 9) shows
the following: | i
1. Steelhead and coho can successfhlly pass at leaping angles of 60 -
and 40 degrees (Figures 36 and 37). | ~

2. Chum salmon will fﬁll short of the crest by about 4 ft at leaping

angles of 60 and 40 degrees (Figuré 38).
The calculated leaping angle of 45° will extend to the point of maximum
leaping distanée for this falls geometry. The fish that successfully leap
will probably land in véryAshallow water and higher velocities because of
disorientation caused by the overhanging rock.

- ‘The plunge pool depth was measured at 5.5 ft, and therefore provides a
good lgaping situation. _Under the present conditions,‘Chuckanut Creek
falls appears to be an elevation and orieﬁtation'b;rrier at low flows (8
cfs) to chum salmon,  but not to steelhead and coho, except for the
overhanging rock obstructing the path to the upper chute. Classification of

this barrier is shown in Figure 39.

Chuckanut Creek - Solutions

A very good low flow channel is present above the falls, upstream from

the falls crest. = Referring to Figure 33, if the overhanging rock was
removed, the fish would have a "straight-shot" into the upper chute. Also,

' they would be attracted to leap at the area of highest flow momentum

- because of the deep channel on the left side (looking upstream). This would.
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also allow the fish to get further upstream before they attempt their leap,
and decrease the horizontal leaping distance (X). Even at high flow, the

majority of the flow would he. concentrated in the deeper low flow channel.
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SITE: Chuckanut Creek Waterfall DATE: 12/8/84

LOCATION: Middle of the Western 1/2 of
Section 17, T37N, R3E

SITE SKETCH
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CLASS: Single Fall

- TYPE: ILA 1

'DEGREE OF DIFFICULTY: 2

MAGNITUDE: H = 2.7 ft
X = 8.0 ft

DISCHARGE: Q = 8 cfs

i I
COMMENTS: Rock overhang at crest. may obstruct
orientation for leaping.

Figure 35. Classification of Chuckanut Creek waterfall.
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CONCLUSIONS

The ouidelines for analyzing a waterfall or culvert barrier in this

report are relatively simple. With the expertise of a fisheries biologist

and a hydraulic engineer these guidelines can be used effectively to

resolve the dilemmas of fish passage problems at barriers. The following

is a list of‘significant conclusions developed:

1.

Unstable plunge pools disorient and reduce the fish's leap trajectory
and height respectively.
Velocities ﬁnd depths can be estimated for any irregular shaped falls
crest as a function of the discharge at critical depth from:

02/0 = A3/W
where (0 = streéam diséharge; a = acceleration of gravity, A = croés
sectional flow area and W = top stream width.
Water surface profiles at barriers can be superimposed on fish leapina.
curves to ‘analyze passage success. The optimuﬁ leaping angle can be
estimated by:
' oL = tan-1 3(H/X)
where H = the difference in water surface elevations, and X =
horizontal distance from the standinq wave to the crest of the falls or
chute.
For rectangular and trianaular shape& channéls the hydraulic radius can
be estimated as a function of the average width and depth with errors

less than 5%; this allows the mean velocity to be calculated.
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For depths greater than ! feet ih corrugated metal pipe culverts, fish
can swim in reduced velocities near the boundary where the velocitv
opposing the fish is less than the mean velocity by as much as 37 .

Stage-discharge rlelationships,when compared wit'! migration season

flows, will define hydraulic conditions at the harriers which the fish

must negotiate.
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SUGGESTIONS FOR FURTHER STUDY

Concepts for analyzing harriers to upstream fish migration have been

presented in this paper. As each section was written, more and more ideas

about methods for analyzing barriers were unveiled. The urge to go back

and include these new ideas was eventually offset by the necessity to

complete the study. Further study of the following areas will increase the

accuracy of analyzing and finding solutions to fish passage problens.

1.

Plunge pool: guidelines should be developed to accurately
determine the plunge pool depth for the give;l barrier geometry and
hydraulics which create optimum leapi’ng conditions.

Fish spéeds in an air-water mixture: there should be some
reduction in the fish's burst speed in a air-water mixture because
of the reduced water density. Calculations need to be made using
fish locomotion equations (Blake, 1984) to deteﬁine the reduction
of the propulsive power of the fish's tz;il in a medium with'
reduced density. Corresponding leaping heights and trajectories
can then be calculated.

Leap success ratios: as the height of barrier increases, the
number of attempts required for a successful pass should fncrease. ’
This could he studied in a hatchery fishway, where the leap
success ratio (successful leaps:leap attempts) is recorded for a
range of water surface drops. |

Migration distance from ocean to barrier reducinqg fish capa-
bilities: a survey could be taken to record the river miies to a

barrier, height of barrier and species which pass or are blocked.
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Aerial photography: the design of low-level, balloon mounted
photographic equipment could he used. These photograph can
greatly reduce site survey tine and provide excellent visual-

ization when used with ground survey controls and at different

 stages of stream flow.

97




REFZTELCES ‘

Aaserude R. G. 1984 New concepts in fishway design. M.S. Thesis, Dept.
Zivil and Environmental Engineering, Washington State University

Bell , Milo C.  1973. Fisheries handbook of engineering requirements and
biological criteria. Fisheries-Enar. Res. Proa. Corps of Enars. ).
Pac. Div. Portland, Oregon. :

Blake, R. ¥. 1983. Fish locomotion. Cambridge University Press, Cambridge.
Chow, V. T. 1959. Open-channel hydraulics. McGraw-Hill Book Company.

Clay, C.H. 1961. Design of fishways and other fish facilities. The Dept.
of Fisheries of Canada. Ottawa. 301 p.

Daily, J. W. and Harleman, D. 1966. Fluid dynamics. Addison-Wesley Pub.
© Co., Inc., Reading, MA. ; '

Dane, B. 6. 1978. A review and resolution of fish passage problems at
culvert sites in British Columbia. Fish and Marine Service. Tech.
Ppt. 810.

Douma, J. H. 1943. Open channel flow at high veloc1ties Trans. Amer.
Soc. Civ. Engrs., No. 205, 1462 1473.

Dryden, R. L. and Stein, J.M. 1975. Guidelines for the protection of the
fish resources of the Northwest Territories during highway cons-
truction and operation. Dept. of the Environment, Fish and Marine
Service. Tech. Rt. No. CEN/T-7 5-1 '

Evans, Willis A., and Beryl Johnston. 1980. Fish migration and fish
passage. USDA Forest Service, EM-7100-12 Washmqton, D.C., 63 p.
plus appendlces

Fairbridge R. W. 1968. The "encyclopedia of geomorpholoqy. Encyclbpedia of
Earth Sciences Series. Vol. III. Waterfalls by D. C. Ford. Peinhold
Book Corp. New York. pp. 1219-1220. :

Hall, L. S. 1943. Open channel flow at high velocnties Trans Amer. Soc.
Civ. Enars. No. 2205, 1393-1434.

Hoar, W. S. and D. J. Randall (Eds.). 1978. Fish physidlogy. Volume VII,

Locomotion. Academic Press New York. (Selected chapters on
locomotion, swimming capacity, - and hydrodynamics by Lindsey, Beamish
and Webb. o (

Jackson, R.I. 1950. Variations in flow patterns ?at Hell's Sate and their
relationships to the migration of sockeye salmon. Int. Pac. Salmon
Fish. Comm. Bulletin III Part IL

98




Kerr Cons, et al. 1980. Stream enhancement quide. Prepared for Prov. of
British Columbia. Ministry of the Environment. Vancouver, B.C. 82 n.

McKinley, W. R. and Webb, R. 0. 1966. A proposed correction of migratory

fish problems at box culverts. Washinaton Dept. of Fisheries Fish.
Res. Papers. 1(4):33-45. ‘

Orsborn, J . F. 19A2. Low-cost fish passage facilities at five waterfalls.
Stikine and‘Ketchikan Areas, Tonqass National Forest, Alaska.

Pryce-Tannatt, T.E. 1938. Fish passes. Buckland Lectures, 1937. Edward
Arnold and Co., London. : :

Renard, K. G. and Laursen, E. M. 1975, amic behavior model of ephemeral-
stream. J.Hyd. Div., ASCE, 101 (HY6): 511-528.

Salmonid. 1983. Dept.of Fish. and Oceans. Vancouver, B.C.Vo. VII Ho. 4.

Stuart, T. A. 1964. The leaping behavior of salmon and trout at falls and
obstructions. Dept of Agri. and Fish. for Scotland, Freshwater and
Salmon Fish. Res. (Edinburgh Her Majesty's Stationery Office). 28, 46
p.

Watts, F. J.1974.Design of culvert fishways. Water Resources Research
Inst., Univ. of Idaho, Moscow, ID 62 p.

Webb, P. W. 1975.Hydrodynamics and energetics of fish propulsion Bull.
" Fish. Res. Bd. Can. 190:159p.

liemer, G. L. 1961. Fish transport in waterways Alaska Dept. of Fish and
- Game .

99




APPENDIX I
MOTATION
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Elevation (M)

H

tiL

" Distances (L and X)

NOTATION

in water surface elevation

Height of the fishes leap

LS
X
Xp
XSW
LF
LFS

Velocities (V) )

ww
VF

Length of slope
Horizontal distance from the crest to standinq wave

Horizontal distancé from the crest to point where
falling water plunges

Horizontal distance from point where falling water
plunges to standing wave

Length of fish

Length the fish can swim

Velocity of water

Fish speed

Burst ;peed of}fish

Prolonged speed of fish

Sustained speed‘of fish

Temporal ﬁean velocify

Temporal mean yeloéity at which the fish swim

Shear velocity

Relative speed of the fish to the water

Velocity of water at falls crest
Depth of water-
Critical depth

Depth in the ﬁlunge pool
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dp
d¢

Slopes (S)

Denth of plunge by waterfall Jjet
Depth of fish

Fish exit (water 5n1et) slopé

Fish passaae (water transition) slope

Coefficieht of fish condition

Angle in degrees from horizontal at which the velocity
leaves the crest _ '

Angle in degrees from the horizontal at which the fish
leaps

Hydraulic radius -
Acceleration of gqravity

Manning's emperical roughness coefficient

Width
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, APPENDIX I,
AN ANALYSIS OF COHO AND CHUM SALMON SWIMMING
UP A VELOCITY CHUTE
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AN ANALYSIS OF COHO AND CHUM SALMON SWIMMING UP A VELOCITY CHUTE

Waterfalls and culverts sometimes form velocity barriers to the
upstream migration of adult salmon and steelhead trout. Often, the swimming
capabilities of the species in question will determine the success of
passage. Other factors which effect the success of passage are: depth of
flow, distance the ffsh must swim, and violent turbulence (unstable flow
patterns). In order to analyze how these factors effect fish passage, a
"velocity chute" study was conducted at Johns Creek Fish Hatchery near
Shelton, Washington. This study was done in conjunctidn with the Bonneville
Power Administration (BPA) Fisheries Project 82-14, "New Concepts in Fish'
Laddex; Design." At the conclusion of tl!e §tudy, it became apparent that a’
velocity chute'could bé used as an ei’ficient and economical method of
passing fish. With a fishway pool length of 12 ft (3.66 ml and a chute
length of 8 ft. (2‘.44 m) chum salmon (Onchorhynchus keta) were observed
passing a change in water surface elevation of 1.8 ft (0.55 ml with a
passage success rate of 100%. .

Experimental Facilities -

The chute was installed in the existing- fishway bulkhead slots. It was
constructed Vwi,th 3/4 inch plywqod at a length of 8‘ ft (2.44 ml.- In test +1
the chute width was 2 ft (0.61 m) with a wall height of 1 ft (0.30 m). After
completion of test #1, the width was decreased to 1.25 ft. (0.38 m) and the
wall- height was increased to 1.5 ft (0.46 m) in order to obtain a greater

depth of flow (test #2). At the inlet (crest) the chute was supported by
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zonc. In the transition zone, the flow waspassing through critical {at the
crest) to uniform depth approximately 2 ft (0.61 m) down the slope from the
crest. The depth is greater in the transition zone than in the uniform flow
zone and when the fish approached the transitioh zone they "burst" through it
into the upstream pool because of the decreased flow velocity. The uniform
flow zone began at approximately 2 ft (0.61 m) frem the crest and remained
at constant depth until it dissipated into the downstream pool. At this
point, a hydraulic jump developed which increaSediin intensity as the chute
velocity increased.

The addition of roughness elements on the floor of the chute had the
effect of increasiné.the depth and decreasing the velocity for a given
slope. The spacinqg between the roughness elements was filled witn cir-
culating water containihg stable eddies, creating a pseudo wall. Chow
(1959) classifies this as "quasi-smooth flow." Quasi-smooth flow has 1
higher friction factor than flow over a true smooth surface because the
eddies in the groove§ consume a certain amount of energy. These hydraulic
conditions were observed inla plexiglass model of the chute in Albrook
Hydraulics Laboratory at Washington State University. The model was also

used to verify field measurements of velocity and discharge.

Study Objective

The objectives of this field study were to observe and record the

following:
1. The response of coho and chum salmon to outflow cohditions at the
downstream end of the chute:
a. leaping;
b. swimming; and

C. attraction conditions.
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2. Water depths which affect pasSage:
" a. minimum depth; |
h. depth where swimming is unimpaired; and
c. éfféct of roughness elements on water depth/fish passage.
3. Swimming speeds of coho and chum salmon: .
a. relative velocity of fish with respect to water (fish speed),
b. ‘relative velocity of fish with respect to chute, and
C. 'passage time.
Results _
Test No. l; Chute Width = 2.0 ft (0.61 m)

In this test observations were que of the chute hydraulics and_fish
movements. The majority of fish tested were édult éoho salmon‘(Onchor-
hynchus kitsutch) which were in poor physical condition, displaying full
spawning colors and averaging about 2 ft (0.61 m) in length. The few chum
salmon tested also displayed full spawning(colors and averaged‘30Win (76.2
cm) in length The maximum depths of the fish bodies were: coho 0.4-0.5 ft
(0.12-0.15 m) and chum 0.65 ft (1.65 cm) .

An immediate problem developed because the depth of flow at 0.?:to 0.3
ft (0.06 to 0.09 m) was too shallow. The smaller coho could pas;‘But the
larger chum could not. Average velocities in the chute ranged from & to 8.3

fps (1.74-2.9 m/s) which is in the rahgevof the upper prolonged speed of
| 10.6 fps (3.23 m/s) for coho salmon suggested by Bell(1973). 38

The fish response to different qusof hydraulic jumps (or standing
waves) was observed. The Froude number for all tests was in the 1 2 to 4.1
range. Chow (1959)suggests for this range the jump type is just beginning
. to oscillate as was observed. Stuart.(1964)describes these water surface

oscillations as points from where fish are often seen leaping. The fish
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Table 1. Velocity chute test #2 data.

i

Uniform Deoth

From Above ‘Uniform Length Passage -
Test No. Floor . Roughness El.  Velocity.  Slope Success Flow
(f8) (2 (Fps)  (FE) - - (%) (cfs)
. ’ (Slope) ‘
(%)
222 0.13 - 8.3 5.5  Olcoho) 1.1
| | (26) 0(chum)
2bd 0.41 0.28 5.2 7.5 95(coho) 2.3
(15) 92(chum)
2c¢¢ 0.51 0.38 - 5.0 8.0 64(coho) 2.9
(19) 89(chum)
2d¢ 0.66 0.54 6.8 7.0 78(coho)’ £.0
~(2n 100( chum)
2e€ 0.56 - 0.44 6.7 7.0 - No coho ‘4.1

(36) 23(chum)

Notes: a - {oughness elements not used, floor consisted of .plywood
n=0.021). '

b - Roughness elements with'3 inch longitudinal spacing (n=0.044).

¢ - Roughness elements with 6 inch longitudinal spacing (n=0.055,
0.053 and 0.059 for tests 2c, 2d and 2e respectively).
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In test Za, roughness elements ﬁere not used, énd the depth of flow was
0.13 ft (0.04 m) with an average velocity of 8.3 fps (2.53 m/s). The
| success passage was 0X for coho and chﬁm, so this depth was a barrier. 6nce
the roughness elements were added to the floor the depth increased to 0.4 ft
(.12 m) - 0.6 ft (0.18 m) range which was adequate fbr fish passage; This is
the depth from the floor to the water surface. Dane (1978) suggests a
minimum depth of 0.75 ft (0.23 m) for Pacific Salmon, and Dryden and Stein
(1975), suggest #hat "in all cases, the depth of water in a culvert should
be sufficient to submerge the largest fisﬁ to use the structure." This
field study has shown how partial submergence impairs the ability of the
fish to generate thrust.

Fish Movements

As noted in Test #1 results, fish were observed holding in the hy-
draulic jump where the velocity is decreased and then bursting into the
uniform flow zone as showﬁrin Figure 3. Once into the uniform flow zone
(zone of highest velocity) the fish aiways movedvlaferally to the chute side -
wall and continued through the uniform flow zone along the wall (Fig. 4).
Near the wall boﬁndary the water velocity was decyeased as much as 60% of
the centerline velocity, because of the shearing resistance créated. When
fish approached the transition zone and thé velocity decreased, they moved
out into the middle of the chute (Fig. 5) and burst through the crest into

the upper pool. Some of the unsuccessful or slower fish were observed

crossing back and forth laterally in the chute searching for a zone of lower

velocity.
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A calculation of fish speeds for test #2b is shown below
Length of Slope(LS) = 7.5 ft.
-Water Velocity (VW) = 5.2 fps

Passage Times (PT) in seconds:

Test #2b: ; coho

chum
maximum. 4.7 5.5
average 3.5 4.0
ninimum 2.0 2.3
Fish Velocity (fps) = (LS)/(PT) + VW
Species | Fish Velocity (fps)
Max imum Average Minimum
Coho R.9 7.3 © 6.8
Chum 8.5 7.1 6.6

Velocities for the other tests are summarized in Table 2.

Table 2. Maximum, average and minimum swimming speeds of coho and chum
salmon passing the velocity chute.

Fish Velocity (fps)

Test HNo. Species . Minimum Average Maximum
2b Coho , 6.8 7.3 8.9
- Chum 6.6 7.1 8.5
2c Coho | 6.0 6.5 7.6
Chum 6.0 6.4 7.1
2d Coho 9.1 9.5 10.7
Chum §.6 8.8 8.9
8 9.1 10.0

2e Chum 8.
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Jiscussion

Swimming speeds of fish are ﬁsually reported in three categories:
sustéined, prolonged and burst. Burst speed is defined as causing fatigue
in 5 to 10 seconds (3ell, 1973). From observations and fatigue times
recorded, the fish passing the chute were assumed to be using burst activ-
ities. Bell (1973) suggests a burst speed range 6f'10.6 to 21.5 fps (3.2 to
6.5m/s) for coho salmon. The maximum swiﬁﬁing speed (or burst speed)
recorded in these tests for coho sélmon was 1g.7 fps (3.26 m/s), definitely
"on the lower rﬁnge of Bell's suggested speeds. But_as noted earlier, these
coho were in very poor physical condition. Therefore, the maximum speed of
10.7 fps (3.26 m/s), which isISO% of‘the maximum burst sneed suggested by
Bell (1975), is probably the ﬁpper range.of burst speed for a coho salmon
near its spawning time. '

Burst speeds of chum salmon have not been recorded in thé literature,
but they are generally thought to be a weaker fish in comparison to coho.
Observationsl of chum salmon leaping 3 and 4 ft (0.91 and 1.2 m) suqgest 2
burst speed of about 15 fps (4.6 m/s) to achieve these heights. The nax{ﬂun '
swimming speed recorded for chum salmon was 10.0 fps (3.05 m/s) or 67° of
the maximum burst speed of 15 fps(4,6 m/s). The chuﬁ tested were in qood
shape, but their spawning colors and teeth were fully developed.

This information can he helpful in analyzing waterfalls and culverts as
barriers to upstream fish migration. The speed of the fish can be tased cn
some percentage of the maximum burst speed suggestdd by Beil (1973),

depending on the condition of the species in question. This will be termed
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the “coefficient of fish condition" (Cf¢c). Table 3 gives a range of Cg. and
the corresponding fish conditions based on observations made of coho and

chum salmon in Johns Creek.

Table 3. Coefficient of fish condition (Cfc); values based on obsefvations

and data taken for coho and chum salmon at Johns Creek Fish
hatchery near Shelton, Washington.

Fish Condition Cee

Bright, fresh out of the ocean or
still a long distance from spawning grounds, 1.00
no spawning colors yet developed.

Good, in the river for a short time,
spawning colors apparent but not fully 0.75
developed, still migrating upstream.

Poor,‘in the river for a long time, full
spasning colors developed and fully 0.50
- mature, very close to spawning grounds.

Relative Fish Velocity

Another concept tested in this study was that of the relative velocity
at which fish swim with respéct to the chute. Studies on fish.paséihg
through culverts have assumed this "fish passage velocity" to be 2 fps (0.61
m/s) in relation to the culvert (Dane, i978). This is an important para-
meter fbf passage analysis because, .given the water velocity, one can
determine the speed the fish must swim to pass. Values obtained in this

. !
study were average4 over four runs and are given in Table 4.
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Table 4. Relative velocity of chum and coho salmon with respectbto chute.

Species _ ' Relative Fish Velocity (fps)
Coho ‘ 2.1
Chum : 1.9

Feasibility for Fish Passaqe

All tests were conducted with a pool ienqth of 12 ft (3.66 m) and the
change in water surface.elevations (H) were measured for each test. The
water surface drop was no£~a variable in this study because the velocity
dowﬁ the chute is independentlof the change in water surface elevations, 235
can he seen by Manning's equation:

= (1.49/n) R2/3 5172

The chanee in water surface elevation (H) was varied to obtain the saze
chute length at a steeper slope. When the values of H are compared with the
passaae success rates and fishway slope, the feasibility of usinq slianrtiy,
roughened chutes for fish passage hecomes obvious /Table €). ’urrentlv
fishway designers suggest a maximum water surfhce drop of 1.C ft (1.50.% 1)
for coho salmon, 0.75 ft (0.23 m) for chum salmon, and a maximum fishway
slope of 1 on B. In test 2d, with a water surface drop of 1.25 ft (0,567 =)
and a fishway slope of 1 on 6.5 a 100> passage success rate was reccraed
. .for chum salmon. This was achieved by adding only rouahness elements !.° x

1.5 in (3.81 x 3.81 cm) at 6 in (15.2 cm) clear spacing to the floor of the

chute.
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Table 5. Change in water surface drop, percent successful passage and fish
way Slope for chum salmon testing at Johns Creek Fish Hatcherv
near Shelton, Washington.

: ‘ ; Overall
Test No. H (ft) Chute Slope % Passage (Chum) Fishway Slope

(%) Including

: " Pool Length

2b 1.03 15 5 a2 1/11.7
2c 1.80 19 ‘ 89 1/6.7
2d 1.85 27 ' 100 1/6.5
2e 2.% 36 23 1/4.8
Conclusions

This study showed how an 8 ft (2.44 m) wooden rectangular chute can be
used to estimate the swimming capabilities of_coho‘and chum saimon and to
determine the feasibility of using chutes in series to pass fish. Some of
the findings can be summarized:

1. When passing the chute, goho salmon only leaped‘after several
unsuccessful attempts at éwimming. Chum salmon alQ;ys‘swam to
pass. |

2. Minimum suggested depths for passage are: coho 0.4 ft (0.12 m) and
chum 0.5 ft (0.15.m). Depth of water where fish aré unimpaired

should be equal to the maximum depth of the fish body.

1
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5.

The maximum sbeed obtained for coho and chum salmon are 10.7 and 10
fps (3.26 and 3.05 m/s), respéctively.‘

Coho salmon were swimming at a level of 50% of their maximum burst
speed and chum salmon at 67%.

The average relative veiocities of the ffsh with respect to the
chute were coho 2.1 fps (0.64 m/s) and chum 1.9 fps (0.58 m/s).

The use of a velocity chute 1.25 ft (0.38 m) wide by 1.5 ft (0.46
m) high with roughness elements can be used to pass salmon with a
high passage success rate and water surface drops of up to ? ft
(0.61 m) with a pool length of 12 ft (3.66 m). The pool length is

the dimension from one chute inlet to the next,

Suggestions for Future Testing

To measure the response'of fish to a certain parameter, all others must -

he held constant. For example, in test #2 the velocity was increased by

increasing the slope of the chute, but because the depth was not held

constant it was hard to determine whether the depth of flow or the increased

velocity was affecting the passage success rate. This could be solved by

keeping the depth of flow always greater than oF equal to the maximum depth

of the fish at the midsection. Other suggestions for further testing might

address the following:

l.

At what slope does the velocity increase creating a velocity
barrier, by species, assuming the depth is sufficient?
What is the fish response at a vel&city'barrier; does leaping .

conmence or do the fish continue to try to swim up the chute? -

_At one velocity where the passage success is low, try three

different sizes of rdughness elements and observe hehavior.
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4. As the velocity increases, ‘does the relative velocity of the fish

with respect to the chute increase cr remain corstant’
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Figure 1. Redwood Creek watershed with rotary screw trap location in Redwood

Valley, Humboldt County, CA. (scale is slightly inaccurate due to reproduction

process; Charlotte Peters pers. comm. 2001). .....c.ccccovenrnrinvereneneceereerenreceessresaense 4
Figure 2. Total juvenile salmonid actual catches (n = 56,544) from March 26 ‘

through August 26, 2005, upper Redwood Creek, Redwood Valley, Humboldt

County, CA. Numeric values above columns represent actual catches.

0+ KS = young-of-year Chinook salmon, 1+ KS = age 1 and older Chinook

salmon, 0+ SH = young-of-year steelhead trout, 1+ SH = age 1 and older steelhead -

trout, 2+ SH = age 2 and older s